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PREFACE. 
This addendum is presented in the form of 
papers prepared for publication; hence, the figure 
numbering for each paper applies to that paper only. 
Additional references have been listed at the end of 
the addendum. The abbreviations used were generally 
those recommended by the Biochemical Journal 
(Biochem. J. (1967) 102, 1) or have been listed pre-
viously (previous submission, p.ix)~ 
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INTRODUCTION 
Earlier work (previous submission) described attempts to 
prepare a specific antiserum to 'the' ttsoluble antigenlt (chapter 1) 
and to purify titt from infected tissue sources (chapter 2). 
Chapter 3 was concerned with purification of virus, chapter 4 
described attempts to disrupt the virion, and to separate and iden-
tify the split products. Chapter 5 was concerned with analysis of 
some isolated protein fractions o 
1 
Conclusions from the earlier work were based on a number of 
assumptions; among these were: 
1) that only a single internal antigen was present in the virion, 
the RNP, and that specific antiserum could be prepared against this 
by injecting crude concentrates of infected tissues into rabbits 
(Chapters 1 and 2); also that the polypeptide R was derived from the 
RNP (Chapters 4 and 5). 
2) that erythrocyte adsorption-elution was the best method of 
initial concentration and purification of the BEL strain (Chapter 3). 
3) that the pure virus was completely separated into its constituent 
polypeptides by oxidation with performic acid followed by polyacryla-
mide gel electrophoresis in the presence of 8 M urea and SDS. 
4) that the s.% polyacrylamide gel electrophoresis technique, both 
analytical and preparative, satisfactorily separated the viral poly-
peptides into three major species. 
This addendum is presented as six papers (the last of which 
is only summarised), all of which are in preparation for publication. 
2 
One only (paper 1) is in conjunction with another worker (N.G. Wrigley). 
The work reported is largely new work, undertaken for a variety of 
reasons. 
Paper 1 is concerned with the fine structure of the virion 
and its structural proteins as revealed by the electron microscope. 
This paper embodies work reported earlier (Chapter 4) and is expanded 
to include new observations. The two most pertinent to the previous 
work are the observation of an additional internal component in the 
virion, and that the head of the neuraminidase may have a molecular 
weight of the order of 64,000 consisting of 4 subunits of molecular 
weight 16,000. 
Paper 2 describes a new technique for staining proteins 
with reactive dyes of the Remazol type prior to application to poly-
acylamide gels. This work was undertaken for the following reasons: 
1) A rapid method of staining proteins is of value for quickly 
assessing the purity of different virus fractions during virus or 
protein purification. It was considered that, in the absence of 
immune serum of proven specificity for the RNP, analytical polyacry-
lamide gels were better guides to the progress of internal antigen 
purification. 
2) A more sensitive staining method would more readily reveal 
minor protein components of the virus preparation. 
3) The covalent binding of negatively charged dye molecules to 
positively charged amino acid residues in the viral polypeptides 
would assist denaturation and solubilisation of the viral polypep-
tides at neutral or alkaline pH . 
4) A more satisfactory alternative to bromophenol blue was sought 
as a reference marker for molecular weight determinations by the 
polyacrylamide gel method of Shapiro et ~. (1967), as used by Weber 
and Osborn (1969) and E.A. Haslam (personal communication). Bromo-
hlu~ 
phenol(is an unsatisfactory marker because it migrates as a broad 
band, it migrates more slowly than several polypeptides (e.go those 
of molecular weight 17, 000 or less) and it elutes from the gel 
during staining-destaining procedures. The latter problem was over-
come by Weber and Osborn (1969) who measured the distance migrated 
by the bromophenol blue and the length of the gel before and after 
staining, and from these values estimated the position the 
reference dye would have had in the stained gels; this procedure 
is time consuming and could compound errors in measurement . Glucagon 
as a reference marker has several advantages over bromophenol blue; 
it has a higher mobility and smaller spread, and does not elute 
from the gel during staining and destaining procedures. However, 
glucagon stains poorly with amido black and Coomassie blue, and 
cannot be used as a reference marker in gels being stained for gly-
coprotein with the periodic acid-Schiff staining procedure. 
Glucagon prestained with Remazol blue or red has none of these dis-
advantages and was thus used as a reference marker in later work. 
5) The intensity of staining of proteins with reactive dyes is 
proportional to the protein concentration (Fazekas de St.Groth et .s.!.., 
y 
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1963). Prestaining with Remazol blue (also a reactive dye) would 
thus permit a more accurate estimation of relative proportions of 
viral polypeptides (by scanning gels with a densitometer and inte-
grating the area under the peaks) than would be possible with sub-
stantive dyes (e.g. amido black or Coomassie blue) 0 As no densito-
meter was available, this has yet to be done. 
6) Protein stained with Remazol blue may be used to monitor poly-
acrylamide gel systems and evaluate the method of recovering protein 
from the gels. Difficulty was encountered earlier (Chapter 5) in 
estimating recoveries of protein from gel slabs since the presence 
of bound SDS in recovered protein was not excluded. By measuring 
dyed protein spectroscopically, this difficulty may be overcome. 
Moreover, the efficacy of desalting procedures may be checked by 
correlating the optical density of the protein before and after with 
its dry weight. The preparative polyacrylamide gel technique, and 
recovery and desalting procedures, have been modified (Paper 6) and 
Remazol-dyed proteins have been used in their evolution and evalu-
ation. 
Paper 3 is concerned with the preparation of pure and 
highly infectious virus of the BEL strain. Although two cycles of 
adsorption-elution on human erythrocytes are adequate for preparing, 
in quantity, purified virus of a number of strains, for work on the 
protein chemistry of the virus, this procedure has a number of 
drawbacks (enumerated by Frommhagen and Knight, 1959), especially 
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for preparing virus of high infectivity. Cycles of adsorption-
elution of BEL with human erythrocytes are not possible (fowl 
cells were not available) since extensive haemolysis results even 
on the third cycleo A variety of initial concentration procedures 
as alternatives to red cell adsorption-elution were tried, and 
batch adsorption-elution on aluminium phosphate proved the most 
satisfactory. No satisfactory alternative to centrifugation was 
found for concentrating eluates. The buoyant-density and rate-zonal 
techniques have been modified by including glycerol, which is known 
to preserve viral infectivity. SDS has been used to destroy preferen-
tially non-infectious virions of the BEL strain, leaving a highly 
infectious preparation of virus. The use of the Remazol prestaining 
technique for monitoring viral purity is illustrated in Papers 2 
and 3. 
When a circulating pump became available, the polyacryla-
mide gel technique used in the previous work (Appendix 2) was 
l.\ 
abandoned in favOff of the buffer system of r,'Iaizel (1966; but without 
urea) for a number of reasons: 
1 ) The presence of glycine and urea in the buffers used in the pre-
vious work unnecessarily complicated experiments with the isolated 
polypeptides. The high buffering capacity of the tris-glycine buffer 
was no longer important when SDS-phosphate buffer in the electrode 
compartments could be recirculated. 
2) The presence of a buffer discontinuity increased the risk of low 
molecular weight proteins "stacking" at, and moving with, the buffer 
--.. 
5 
~ 
front. 
3) By using gel systems used by other workers, results could be 
more directly compared. 
4) The use of the SDS-phosphate buffer system permitted many 
estimates to be made on. the molecular weight of the viral polypep-
tides. 
In work described in Paper 5 it became apparent that the 
largest major polypeptide of BEL migrated more slowly when denatu-
red without simultaneous reduction. To interpret this finding, it 
was necessary to first establish whether the rate of migration of 
polypeptides in SDS-polyacrylamide gels is affected by unfolding of 
the polypeptide following cleavage of disulphide bonds. The effect 
cystine bridges have on the mobility of polypeptides in ~ ~ol¥nen 
tiilp-fl ; 1'1' ,,% polyacrylamide gels is described in Paper 4. This work 
had to be performed with proteins of known cystine content. The 
use of polypeptides linked with glutaraldehyde is described, and 
three conclusions were reached which were relevant to polyacryla-
mide gel analysis of influenza polypeptides. Firstly, failure to 
disrupt cystine bonds results in a significant increase in mobility 
in most cases; this finding might explain variations in the mole-
cular weights ascribed to influenza virus polypeptides by different 
workers, since some have used for standard curves cystine cross-
linked proteins of high molecular weight. Secondly, the mobility 
of the polypeptides relative to glucagon was remarkably constant 
from one experiment to another for most proteins, indicating that 
6 
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the technique was reproducible and reliable, although it was shown 
that low molecular weight proteins did not always migrate at a rate 
proportional to the log10 of their molecular weight. 
Thirdly, the high temperature, high pH denaturation procedure 
employed appeared to give no polypeptide chain cleavage with the 
proteins used. 
This paper also demonstrated that glutaraldehyde cross-
linked proteins migrate as relatively compact polypeptide bands. 
A project was initiated to investigate (using glutaraldehyde) which 
polypeptides were in intimate contact in the intact virion, since 
only those polypeptides which are virtually touching may both simul-
taneously react with the same glutaraldehyde molecule, it was hoped 
that this work would provide evidence for some of the associations 
suggested in Paper 1, especially that between the RNP and the 
proposed 'core' antigen. However, completion of this project await-
ed the introduction of a denaturation procedure which could be shown 
to break down the virion proteins into the smallest units linked by 
covalent bonds other than cystine. 
In Paper 5, the conversion of the virion into its smallest 
subunits was investigated. For this work, egg-grown virus was used 
for the following reasons: 
1) Larger amounts of virus may be grown for a given expenditure in 
time and materials. Projected work on the protein chemistry of the 
virion requires large amounts of virus, which can only be satisfac-
torily produced in eggs. 
7 
f 
I 
2) Egg-grown virus generally contains a greater proportion of 
infectious virus than that grown in tissue culture. It is not 
practicable to label egg-grown virus with radioactive amino-acids 
or aminosugars, since this can only economically be done in de-
embryonated eggs, which produce much incomplete virus. 
3) It was considered that, due to differences in Ithost-antigen" 
content, disruption techniques applicable to egg-grown virus might 
give different results with tissue culture-grown virus. This has 
been found to be the case by others (E.A. Haslam, personal commun-
ication). In preliminary experiments, rapid qualitative analysis 
is more desirable than accurate quantitative analysis, and for this 
reason (and those indicated above) disruption of the virion was in-
vestigated using egg-grown virus stained with dyes for protein and 
carbohydrate. 
The results presented in Paper 5 indicated that certain of 
the larger virion polypeptides were only partially converted into 
subunits, the extent to which this occurred depended on the denatu-
ration procedure used. It was concluded that the only effective dena-
turation procedure unlikely to cause peptide bond cleavage is oxida-
tion with performic acid followed by reduction in nonionic detergent 
.~ solutions saturated with guanidine hydrochloride and urea, follo-
wed by treatment with SDS and urea under reducing conditions. Virus 
treated in this way had a number of minor components of variable 
molecular weight, and two major polypeptides of quite low molecular 
weight, all of which appear to be derived from high molecular weight 
8 
glycoproteins. 
The addendum is concluded with a discussion of all the 
work presented in this thesis. Those portions of the previous 
submission which may still be valid, but on which no additional 
work has been done, are indicated. Also indicated are, those por-
tions which are no longer valid, those which may still be valid, 
and those which are definitely valid in the light of more recent 
work reported here, and by other workers elsewhereo 
9 
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I Ifl'RODUCTI ON • 
Particles of non-filamentous strains of influenza virus 
are often pleomorphic, their largest dilnension being 800 - 1800~ 
with an envelope 70 - 100R thick from which arise spikes 90 - 100R 
long, 15 - 20R wide and 70 - 80~ apart; the envelope is a lipo-
protein and encloses a coil of RNP (Hoyle, 1952; Horne et alo, 1960; 
Hoyle et al., 1961). Two surface antigens of influenza virus have 
been separated and identified, namely the HA (Laver, 1964; Laver 
and Webster , 1968; Laver and Valentine, 1969) and the neuraminidase 
(Laver, 1963; Kilbourne et al., 1968; Laver and Valentine, 1969). 
--
The subunits investigated by these workers have been derived from 
influenza virus strains containing HA or neuraminidase resistant 
to the detergent sodium dodecyl sUlphate (SDS). It has long been 
thought that the HA corresponded to the viral 'spikes" described by 
Horne et al., (1960); Laver and Valentine (1969) confirmed this, and 
also showed that the neuraminidase resembled a tmushroom' in shape, 
and postulated that this structure was present on the surface of 
the virion. 
At present only a single internal antigen is generally 
recognised: the RNP. The quaternary structure of this RNP is 
variable, but is generally believed to be a protein-RNA complex, 
50 - 70R in diameter, coiled into a helix 600R in diameter and of 
variable length (Hoyle et al., 1961; Waterson et al., 1963; Apostolov 
and Flewett, 1965). This RNP has also been purified from disrupted 
virus, but it then appears to be in fragments 500 - 1300R in length 
and 75 - 150R in width containing subunits 30 - 45~ in diameter 
10 
(Hoyle et al., 1961; Ruttkay-Nedecky et al., 1968; Pons et al., 
1 969) • 
This paper is largely concerned with the fine structure of 
the BEL and X7F1 strains of influenza A , as revealed by partial 
disruption of the virion resulting from prolonged storage, or treat-
ment with detergents. The origin of pleomorphic virus and the 
possible existence of a second internal antigen are discussed, and 
evidence is presented for the existence of the ENP helix in a 
variety of forms. Evidence is also presented suggesting that the 
haemagglutinin spike has a forked substructure, that the Ao and A2 
neuraminidase have similar structure, and that some BEL virions are 
resistant to ionic detergents. 
11 
IJfATERIALS AND METHODS. 
Detergents. 
Sodium dodecyl sulphate (SDS), (obtained from Natheson, 
Coleman and Bell) was used as a 1~0 (w/v) solution. Sodium 
deoxycholate (DOC) was prepared by neutralisation of solid 
recrystallised deoxycholtc acid with NaOH . Deoxycholic acid was 
prepared by acidifying a solution of DOC (reagent grade, British Drug 
Houses) and recrystallising the recovered precipitate from acetic 
12 
acid-wa ter. Tween 80, obtained from Atlas Powder Company, \'iilmington, 
Delaware, was deionised as a 10% (v/v) solution by passage through a 
column of mixed bed resin. 
Virus. 
Virus was obtained from stocks held at _700 at the 
Australian National Universityo BEL virus seed had an 1D50 of 108 •66 
uni ts/ml on thaw'ing and 1D50/HA value of 104 • 71. The Ao - A2 
recombinent X7F1 was that described by Kilbourne (Kilbourne et al., 
1967). About 0.05 ml of a 1:1000 dilution of virus 1'1[aS inoculated 
old 
into the allantoic cavity of 10 - 11 daYLfertile chicken eggs. Eggs 
were incubated at 36 0 for about 40 hours before chilling at _100 for 
one hour. 
Purification of virus. 
Infected allantoic fluid was filtered through a double 
layer of fine-mesh nylon cloth, chilled, and adsorbed with twice-
washed fowl erythrocytes at 40 for about 45 minutes. The cells 
recovered by centrifugation (gOO g, 5 minutes) were washed once 
with ice-cold saline and suspended in 1/10 the allantoic fluid 
volume of Hanks BSS at 370 for 1 - 2 hours. Virus recovered by 
elution from these cells was clarified by centrifugation (2,000 g, 
15 minutes) and concentrated by centrifugation (one hour, 19,000 
revs/min in the Spinco 21 L rotor) onto a 0.40 ml sucrose cushion 
(6a;~ in 0015 r·1-NaCl). On completion of centrifugation, the loosely 
packed pellet and sucrose cushion were resuspended in a little of 
the supernate and subjected at 00 to ultrasonication (2 - 3 minutes, 
maximum output of a rJIullard ultrasonic drill) follovled by dialysis 
overnight against 50 - 100 volumes of 0.15 M-NaCl containing 2;b (w/v) 
sucrose. The virus was resonicated, clarified by low speed centri-
fugation (4,000 g, 15 minutes) and layered on a 26 ml linear sucrose 
gradient (5 - 2()}b T,v/v sucrose in 0.15 r.-I-NaCl buffered with 0.01 N-tris-
HC1, pH 7.2). Tubes were centrifuged for 40 minutes at 12,000 revs/ 
min in the Spinco S'tJ 25.1 rotor. The virus band was recovered from 
these gradients through a hole pierced at the bottom of the tube to one 
side of the pellet, and concentrated by centrifugation onto a sucrose 
cushion as described above. 'rhis virus, resuspended with sonication, 
was visibly contaminated wi th red cell debris. The latter ",as 
separated from the virus by centrifugation into a 25 ml preformed 
linear density gradient consisting of a mixture of sucrose and 
potassium tartrate (Griffith, 1968). A stock solution containing 
261b (w/v) sucrose and 17/0 (w/v) potassium tartrate and 0.1 7~ (VT/V) 
sodium azide was used as the heavy component. The light component 
13 
was prepared by mixing three volumes of this with one volume of 
distilled water. Gradients were centrifuged for 90 minutes at 
23,000 revs/min in a Spinco SW 25.1 rotor. The lower band containing 
the virus was recovered and stored for four weeks at 4°. 
Pr~paration of virus for electron microsco~~. 
14 
Virus was dialysed at 40 against 100 volumes of 0.15 M-NaCl, 
buffered at pH 7.2 with 0.01 M-tris-HC1, to remove sucrose and tart-
rate. BEL virus was treated with two equivalents (weight for weight) 
of sodium deoxycholate or sodium dodecyl sulphate at room temperature 
for 30 minutes. X7F1 was sonicated (5 minutes, maximum output of a 
MSE ultrasonic drill) in the presence of two equivalents (weight for 
weight) of Tween 80 at 00 ; the haemagglutinin titre was reduced by 
approximately 90.%, but the neuraminidase activity was unaltered. 
Virus treated with DOC was similarly dialysed, but the 
detergent formed a weak gel and was only slowly removed; thus 
dialysis was continued with one change for a further 24 hours
o 
Dialysed virus was diluted approximately tenfold with 0.15 
M-ammonium acetate at room temperature. One drop of this material 
was placed on a carbon-coated electron microscope grid, followed by 
a drop of 4% (w/v) aqueous sodiuUl silicotungstate. Excess fluid was 
drained off with the aid of filter-paper, and the grids air-dried. 
BEL virus preparations were examined with a Philips EM200 electron 
microscope, operated at 60kV and X7F1 virus with a Siemens Elmiskope 
I microscope operated at 80kVo 
Results and Discussion . 
The origins of pleomorphic virus . 
The BEL prepared as described contained much pleomorphic 
virus, but was seen to be largely free of non-virion material (]'ig. 1) . 
The reason for the presence of pleomorphic virus is not clear . One 
explanation may lie with the BEL seed used . This gave one ID50 per 
60 - 100 virus particles on different occasions before purification; 
9~b of this infectivity was lost during purification (Griffith , in 
+ 
preparation) . The producti on of pleomorphic virus appears to occur 
most readily in cells in an abnormal physiological state, e.g. those 
treated with vitamin A (Blough , 1964a), or those present in de-
embryonated eggs (Hanig and Steim, 1960) . As one may regard an 
infected cell as becomi ng increasingly abnormal as infection proceeds, 
the production of pleomorphic virus late in infection may be a 
"normalll occurrence (von 1'llagnus, 1957), especially in strains which 
grovi to a high titre . In the extreme, with certain strains , this may 
take the form of filaments , as found by Ada et ale (1958); they 
showed that the Ryan F strain produced spherical virus during the first 
21 hours after infection, and subsequently both short and long filaments. 
Short filaments were occasionally found in this preparation of BJ:!JL 
(arroY/a~ Fig. 1) . Diploid and triploid forms of parainfluenza 
particles exist (Hosaka et al ., 1966) and it has been proposed that 
these arise through random incorporation of genomes into virions during 
budding of virus from the cell surface (Dahlberg and Simon, 1 S'69). 
+Chapter 3 
15 
Fig. 1. The BEL strain of influenza virus; 
pleomorphic virions, two short filaments may 
Some particles show 'tongues' which have few 
('b' arrows). Scale line = 2,000 1. 
In addition to many 
be seen ('a' arrows). 
or no HA spikes 
In addition to being formed during maturation, pleomorphic 
virus may have arisen in other ways during purification and 
subsequent storage. The virus used here had been resuspended with 
sonication, and stored for a month at 40 in a high concentration of 
potassium tartrate. This may have caused the formation of pleomor-
phic virus, since such virus is reported to be formed on "moderate 
sonication" (Simpson, 1964) or on storage of virus at 40 or in the 
presence of hypertonic saline (Blough, 1964b); no mechanism for this 
transformation was proposed by these workers. Some pleomorphism is 
undoubtedly due to dehydration of particles, perhaps by osmosis 
during storage or by evaporation during staining and drying on the 
electron microscope grid; this might especially be the case with 
viral filaments (Hoyle, 1954) or smaller particles incompletely 
filled with RNP. However, the ability of influenza virus to fuse 
with cytoplasmic membranes (Hoyle et al., 1962; Hoyle, 1962; Morgan 
and Rose, 1968) suggested to us that in the absence of available 
cell membrane (as is the case with purified virus) virions may fuse 
with each other. This would in part explain the heteroploid virus 
commonly observed in myxo- and paramyxovirus preparations. Sonication, 
'ageing' or exposure to high salt concentrations may help this process 
by removing absorbed material (such as nucleic aCids, or inhibitory 
mucoids) from the surface of the viriono The process may also be 
helped by high-speed centrifugation of virus onto tube surfaces, a 
procedure which is accompanied by significant loss of infectivity 
with influenza virus (Griffith, unpublished observations), as vTell as 
16 
with a number of other viruses (Anderson and Cline, 1967) 0 
Spherical particles were frequently found in pairs (Fig . 2 - 5) . 
These pairs may be particles in various stages of fusion, as is well 
shown in Figo 6. If fusion does occur, one may predict that with 
increasing time of storage, the proportion of monoploid virus will 
decrease, while that of heteroploid virus will increase. This would 
be difficult to demonstrate experimentally by absolute particle 
counts at well spaced intervals, since particles have a tendency to 
disintegrate spontaneously during storage. Particles were often seen 
to contain what appeared to be 'tongues' of membrane (Figs. 1b, 2b, 
4b) sometimes containing only a few spikes (Fig. 12d) or having a 
double membrane appearance (Fig. 13c). This could be the point of 
last contact between the virion and the cell membrane during virus 
release from infected cells. It may be the point of contact of the 
fusing virions, and the point of irreversible first contact during 
the viral invasion of uninfected cells. 
The lipoprotein shell of the virion. 
The virus preparation contained many particles penetrated 
by negative stain. At high magnification, an area free of stain and 
of width varying from 40 - 130J{ was seen below the surface spikes of 
many of these particles (arrow II a", Fig. 7). In one particle, it vlas 
evident that the haemagglutinin spikes (150 J{ in length) were embedded 
in this layer to a depth of 60 - 80~ (Fig. 7b). This particle also 
showed elements of a second layer beneath the outer membrane. 
Occasionally, this stain-free area was resolved as a double layer 
17 
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Figs. 2 - 6. 'Tongues' were clearly visihle on some particles of 
the BEL strain ('a' arrows). Particles were often seen in pairs. 
The outer shell of the virions at the point of contact were poorly 
penetrated hy negative stain in several cases ('h' arro~s). One 
structure was visible which might represent two' particles in the 
process of fusing (Fig. 6). Structures which might be neuramidase 
molecules are indicated by arrow heads. Scale line = 2,000 i. 
CD 
Fig. 7. Several virions of the BEL strain were penetrated by neg-
ative stain and showed an a rea free of stain below the 8urf"ce 
spikes ('a' arrows). The spikes were occasionally seen to be embedd-
ed in this layer ('b' arrows). The arrow head indicated wnut may 
be a neuraminidase molecule. Scale line - 500 X. 
Fig . 8. Two particles showing the double layered structur~ of the 
outer shell of the virion (inner component arrowed). The ItNP 
coil is clearly separated from this component in the largest 
particle. Scale line = 500 x. 
which was clearly not part of the IU~P coil (arrowed, Fig . 8). The 
outer of these two layers is probably the lipid in which the spikes 
are embedded (Laver and Valentine, 1969) while the layer between this 
and the P~P coil is possibly a second internal antigen, and may 
correspond to the Ifinner leaflet" described by Compans and Dimmock 
(1969), or the "granular layerll of Apostolov et al., (1969), or the 
"inner apposition" of Bachi et al., (1969). To account for multiple 
precipitin lines obtained on immunodiffusion of "soluble tl antigen 
preparations against specific antisera, Hana and Hoyle (1966) 
suggested that more than one antigenic form of the HNP existed; the 
presence of a second internal antigen would, in part , also explain 
their findings. 
A polypeptide (with a molecular weight of about 23,000) 
which has not yet been associated with any of the known viral antigens 
18 
may be isolated by electrophoretic separation of the virion polypeptides 
in SDS-acrylamide gels; many neutral peptides are found in peptide 
+ 
maps of tryptic digests of this polypeptide (Griffith, in preparation). 
This might be expected of a protein 1-1hose function is to stabilise a 
membrane by hydrophobic interaction vJi th the membrane lipid. If a 
second internal antigen distinct from the RNP does exist and is 
lipophiliC in character, one might expect it to react with polar lipid 
or detergents without being denatured or disorganised . The remarkable 
resistance of some influenza virions to disruption by ionic detergents 
(~ebster and Laver , 1966) may thus be explained in part by the 
stabilising effect this protein might have on the lipoprotein shell 
+ . Chapter 2 ~ Chapter 5 
I 
of the virion. 'We may further speculate that this protein assists 
assembly of the virion by simultaneously recognising and interacting 
with the hydrophobic foot of the haemagglutinin spike, as well as the 
membrane lipid and the HNP coil. Alternatively, this protein may 
playa role during infection of cells by assisting the dissolution 
of the cytoplasmic membrane 'which Horgan and Rose (1968) believe 
accompanies viral invasion of the cell. 
The structure of the ribonucleoprotein. 
The RNP coil shown in Fig. 8 appears to consist of a helix 
of 19 or 20 turns. Other particles with a smaller number of turns 
to the helix were also found (Figs. 9, 10, 11); in one case, the 
diameter of the helix decreased at the lower end (arrowed, Fig . 11). 
The diameter of the coil varied from 350 - 600~, while each turn was 
50 - 65R thick and separated by a gap 25 - 40~ wide . ~~hese particles 
show parallel bar structures vThich "Tere interpreted by Hoyle et al., 
( 1961) as a parallel arrangement ofHNP fragments. It is nOvl more 
generally believed that the RNP is present as a helix in the form of 
an extension spring ( Waterson et al., 1 962; Apostolov and ]'levIett, 
1965). Apostolov and Flewett reported particles containing 6, 12 or 
18 turns to the helix, and postulated that a basic llNP unit containing 
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6 turns was normally present, and that the other particles were "diploid" 
or "triploid" states. In our virus preparation, this was not the rule. 
Occasionally, particles apparently containing disorganised 
and loosely coiled RNP were also seen. Such a particle is shown in 
® 
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Figs. 9 - 1~. The various forms of the RNP coil are clearly seen 
in these figures. The coil has variable dimensions; in one case, 
a side-view shows the coil decreasing in diameter at its lower 
end (arrow, Fig. 11). From above, the coil appears as a spiral 
coil, both complete (Fig. 13, 'b') and incomplete (Fig. 12, 'be). 
Intact particles which probably contain incomplete spirals are 
shown in Fig. 13 ('a' arrow). Elements of a disorganised RNP coil 
may be seen in Fig. 12 ('a' arrow). Tongues of virion-associated 
material are shown in Figs. 12 ('d' arrow) and 13 ('c' arrow). 
Arrow heads indicate structures which may be neuraminidase molecules. 
Fig. 12 (tc t arrow) and Fig. 1~ show an end-on view of the spikes; 
evidence of possible trimeric structure is seen in two of these 
spikes. Scale line ~ 500 i. 
Fig . 15. This shows a schematic interpretation of t :·:~ V :\t"lOUS 
forms of the RNP (for details, see texL). 
~ 
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Fig . 12(a)0 
p~ spirals resembling watch springs have been described 
by others (Horne et al ., 1960; de The and O'Connor, 1966; Ruttkay-
Nedecky et al ., 1968) . Some similar structures were also clearly 
seen where particles had partially disintegrated (li'igs. 12b, 13b). 
These coils ''Jere 350 - 450i? in diameter; that shown in li'ig. 13 had a 
strand width of about 50i? . One of these spiral coils had a hollow 
centre (Fig. 12); presumably it represents an end-on view of a 
structure of the type shown in 1!'ig . 11 . The outer layer of the coil 
shovln in I!'ig . 12 appeared to differ in staining properties from the 
rest of the RNP . Perhaps this was because the outer layer is a part 
of the proposed second internal antigen, or perhaps because it repre-
sents a single thickness of RNP, the centre of the coil consisting of 
several superimposed strands . Intact particles with dark centres 
\llere also present (Ii'ig. 13a) and these presumably contain RNP coils 
of the type shown in Fig . 12 . In Fig . 13 a particle is visible ln 
which some internal component appeared to be protruding through the 
outer shell of the virion (arrow I C ') . This may be residual 
cytoplasmic membrane as proposed earlier, or since each had the same 
width (about 50R) as the coiled RNP strand (arrow 'bY), it may be two 
strands of RNP. 
It is evident from our results, and those of others, that 
the RNP may be arranged 'wi thin the virion in a nwnber of ways, and 
these are indicated diagramatically in Fig . 1S (a-d). No structures 
were seen which might correspond to a side-view of the complete 
-.. 
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spiral coil, and we can only speculate on its appearanceo The 
lTIak~tsy loop model shown in Figo 16e is one possibility. 'fhis is 
similar to the model proposed by Horne and Wildy (1961) or the 
"ball-of-string" model of Blough (1964a). HOvTever, to account for 
the observations of Compans and Dimmock (1969), we suggest that a 
strand of ruqp passes through the middle as shown. A thin cross-
section of this model, at the points indicated by arrows, would have 
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the appearance indicated in Fig. 1tf. Such an arrangement of dark spots 
(including the central one), each 50Ji: in diameter, is common in thin 
sections of influenza particles (Compans and Dimmock, 1969). 
Influenza virus RNP can only be extraced in several short 
fragments of varying length (Duesberg, 1969; Pons et al., 1969; 
Kingsbury and v'~ebster , 1969). Furthermore, long-lived, high molecular 
weight ID~A (Duesberg and Robinson , 1967; Pons and Hirst , 1968) or 
RNP (Duesberg, 1969) precursors of these fragments cannot be found 
'within infected cells. The appearance of the RNP in disintegrating 
particles as a coil without any obvious breaks is difficult to recon-
cile 1;-li th these findingso It has been suggested that the HNP fragments 
are linked end-to-end by weak secondary forces readily broken 
mechanically, (Pons et al., 1969). This could explain the failure to 
observe intact coils (other than in particles penetrated by stain) 
after shaking virus with ether (Hoyle et al., 1961; Ruttkay-Nedecky 
et al., 1968) or treating virus \vi th detergents (Duesberg, 1969; Pons 
et al., 1969; Kingsbury and vlebster, 1969). However, as pointed out 
by Almeida and Waterson (1969), we cannot be certain that some of the 
RNA (and hence RNP) is not cleaved into fragments by hydrodynamic 
forces during isolation, as is the case under certain circumstances 
with Turnip yellow mosaic virus (Matthews and Ralph, 1966) and 
mottle 
Cowpea chlorotieVvirus (Bancroft et al., 1968)0 The RNA in influenza 
virus RNP may be cleaved by ribonuclease, and it is possible that 
some of the influenza virus RNA is fragmented by contaminating 
nucleases, as is found with the RNA of Cucumber mosaic virus 
(Francki, 1968) and Alfalfa mosaic virus (Boll and Veldstra, 1969). 
We favour an alternative explanation for the failure to 
find RNP in lengths of several 1000 .~. In the preparation of RNP 
described by Pons et al. (1969) may be seen a structure 150 .~ wide 
and nearly 2,000 ~ long, containing a helical mid-section and 
terminal loops. If the RNP coil shown in J?ig. 1Se had free ends, 
then on its release from the virion it might be expected to uncoil 
giving a single strand several 1000 ~ long and 50 R wideo If it was 
present as a loop of RNP this could not occur, but rearrangement of 
the coil, perhaps with some tightening, might give the structure 
shown in Fig. 15g, which depicts diagrammatically the structures 
shown by Pons et al.(1969). The 2,000 R structure of these workers 
would thus be a single RNP strand (considerably longer than 4,000 R) 
in the form of a loop which, perhaps because of some internal stress, 
had twisted into a rope-like structure, which would be at least twice 
the width of the strands seen in the R~P coils of collapsing particles. 
This continuous loop model is consistent with the suggestion (Mac-
kenzie, 196~ that the RNA of influenza virus behaves in the infected 
.. 
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cell as a circular functional unit. 
We propose that the influenza virus RNP is incorporated 
into the spherical particle as a continuous loop of variable length, 
but probably 8,000-10,000 i long(FrischNiggemeyer,1961),coiled into 
a Takatsy loop-like structureo 
It is not known what fills the interior of these RNP coils. 
The cavity might be filled with fluid, or a matrix of RNP and lipid 
(Kates et al., 1962) or a haemagglutinin gel (Hoyle, 1968). Alternat-
ively passively incorporated cell cytoplasm might be present (Hoyle, 
1954), perhaps containing nucleases; the presence of cell material 
is suggested by the work of Ada and Perry (1958) w'ho showed that 
host-cell RNA is incorporated into viral filaments. It is also possi-
ble that the RNP coil is embedded in the proposed second internal 
antigen. Two viral polypeptides are found initially in the nucleus 
of infected cells (Taylor et al., 1969). The larger of these (mole-
cular weight 50,000) is derived from the protein of the RNP (White 
et ~l, 1970) and the smaller (molecular weight 20,000) contains as 
much as 40;10 of the radioactive amino-acids incorporated into egg-
grovln virus (E.A. Haslam, personal communication). As suggested 
earlier this smaller unidentj,fied polypeptide may be part of a second 
internal antigen, and it is possible that the virion is filled with 
a core (which is assembled in the nucleus of infected cells) consis-
ting of RNP embedded in a matrix of this internal antigen. '1'he 
susceptibility of purified influenza RNP to ribonuclease (Hoyle, 1952; 
• I 
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Schlifer and Zillig, 1954-; Duesberg, 1969; Pons at al., 1969) suggests 
that the RNA of the RNP is exposed. The presence of many basic 
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peptides (as w~ll as neutral peptides) in tryptic digests of this 
polypeptide (Griffith, in preparation) is consistent with a protective 
interaction between the basic residues of this protein and the acidic 
phosphate groups of the exposed RNA. 11e suggest that this postulated 
second internal antigen be called the 'core' or ' packing ' antigen. 
The HA and, RNp-fl.:f POC:-disrupted vj.rus,. 
The naked coils shown in Figs. 12 and 13 were surrounded bl 
rO'lps of short rods, ""hich resemble the viral HA isolated by Laver 
and Valentine (1969). In addj.tion, many triangular particles \vi th a 
side of about 45 ~ were visible scattered over the back~round. Since 
the triangles could also be seen in intact particles (Figs. 12c, 1+ ), 
it was thought likely that they represente~ the HA spikes vie"'led end-
on. Triancular structures have been reported previously (Rowe and 
\'Jilliams, cited by Cruickshank, 1964), and vwre thought to be neura-
ninidase . On the basis of the ~'lork of Laver and Valelltine (1969), and 
tha t reported here, it is nore likely that these vJere in fact HA 
monomers mounted vertically on the grid . The reason for their verti-
cal stance is presumably a result of the hydrophobic foot of the 
molecule (postulated by Laver and Valentine, 1969) interacting "lith 
the hydrophobic carbon on the grid. It was thought that in the 
presence of an ionic detergent this interaction might be prevented. 
Consequently, virus was treated with DOC, and mounted on the grid in 
Fig. 16. The BEL strain, treated with DOC, is seen to b~ reduced 
to fragments of varying size. Rod-like HA subunits (ta' ~rr0ws) 
and mushroom-like' subuni ts ('d' arrows) have been releas e d from 
the virions. Fragments of what is probably RNP may al~u he seen 
('c' arrows). The shorter HA monomers sometimes seem to b~ forked 
at one end ('a' arrows). The end-on view of the RA spikes again 
suggests a trimeric subunit structure ('b' arrows). The neuraminid-
ase molecules, alone or grouped with other suhunits, Rre fr~quently 
seen ('d' arrows). Their dimensions vary dependin~ on how obliquely 
the molecules are being viewed (see Fig. 24). Scale line: 1,000 1 
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Fig. 17. Schematic interpretation of the llA sub-structure. 
(a) end-on view of the HA spike. (b) side-view of the HA spike. 
(c),(d) two views of the ITA spike, demonstrating that oblique 
views result in foreshortening which permits the forked nature 
of the HA spike to be seen. 

the presence of traces of this detergent. The nWQber of individual 
monomers found standing vertically was much reduced ("fi'ig. 16) although 
groups (or \I rosettes") were still present. I~any of the rods were 
wider at one end and sometimes seemed forked (]Iigo 16a). The trian-
gular end-on view of these rods suggested that this forking may be 
three-pronged. Such a structure "tvas seen in end-on views of the HA 
spikes in virions both before (Fig.12c, 14) and after DOC-treatment 
~ig . 16b). The detached spike was about 30 R wide at the base, but 
broadened to 40-50 ~ tow'ards -L ts forked end. The length of the HA 
monomers appeared to vary from 80 R to 150~; presumably the shorter 
ro~s were not lying flat on the grid and thus appeared foreshortened. 
Our interpretation of the fine structure of the HA monomer is shown in 
Flig. 170 Irhis figure shows how foreshortening may affect monomer 
length, and how the forking (if it exists) could be obscured, depen-
ding on the angle from which the rod is viewed. 
A molecular ·weight of 150,000 has been proposed for the 
HA monomer (Laver and Valentine, 1969). Separation of virion poly-
peptides (after reaction with performic acid) by electrophoresis in 
SDS-polyacrylamide gels reveals none with a molecular weight of this 
which 
order; in fact the largest major polypeptide presen~~as a molecular 
weight of about 60,000, is a glycoprotein and has been equated with 
the viral HA (Griffith, 1968, 1969). In making these estimates the 
presence of carbohydrate was not taken into account, and so the values 
are probably rather inaccurate, but they do indicate that the HA 
monomer very probably has a subunit structure . 
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IVlaterial resembling the RNP fragments of Hoyle et a+. 
(1961) may also be seen in Fig. 16 (arrow c). In these there is 
little evidence of the secondary coiling demonstrated in RUP frag-
ments by others (Ruttgay-Neckedy et al., 1968; Pons et al., 1969). 
This RNP is considerably wider than that present in the larger 
coils described earlier, being 110-130 ~ in width. The two fragments 
shown were about 600 R long; they may represent shorter and more 
tightly coiled structures than that depicted diagrammatically in 
Fig. 15g. 
The neuraminidase of influenza virus. 
In addition to fragments of RNP and HA, the DOC-treated 
BEL preparations also contained tmushroomt-shaped structures 
resembling the neuraminidase of Asian (A2) influenza isolated from 
the recombinant X7F1 and described by Laver and Valentine (1969), 
although the tstem' and 'foot V of many were barely visible. These 
structures are present alone, or grouped with other subunits (Figo 
16d). The dimensions of the 'head' varied in both length (70-90 ~) 
and width (35-65 ~), while the stem-pIus-foot appeared of variable 
length (60-120~) presumably because of foreshortening in those 
subunits viewed obliquely. 
On occasions side-on views of the neuraminidase suggested 
that the head vias composed of tvlO spheres each 30-35 R in diameter, 
while oblique views suggested a more complex sub-structure (II'ig.16d) 
which in one case (top centre, arrow d, Fig. 16) appeared to be 
tetrameric. 
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Since the HA and neuraminidase of BIEL and X-7:F'I differ 
chemically in their resistance to SDS, it was wondered whether they 
differed morphologically also. Even though the HA of X-7FI had been 
largely destroyed by sonication with Tween 80, structures were seen 
resembling the HA spikes of BEL, both in end-on and side-on projec-
tion (Figs. 18a, 19a), and they appeared to have similar dimensions 
to those of the BEL strain. Subunits resembling the neuraminidase 
isolated by Laver and Valentine (1969) from the X-TI'I recombinant 
were also readily recognized in preparations of this virus. Some 
clearly had a head consisting of two spheres, while others, viewed 
obliquely, showed heads of more complex substructureo (Fig. 18b.). 
Also present were structures which might represent the foot and 
s tern and head of the neuraminidase detached from each other. ("E'igs. 
18c, 20a). In Fig. 18 the stem had a length of about 110 R and the 
foot a diameter of about 20 R. What may have been the detached head 
in one case appeared to have elements of a tetrameric substructure 
(Fig. 18c). The loss of its supporting sten may have resulted in the 
subunits moving closer to each other, since the subunits of two 
similar tetramers present on the surface of an intact virion (Fig. 
18d) were more widely spaced. The dimensions of these two tetramers 
were 70-75 i along the side, and about 85 R across the diagonal; the 
subunits had a diameter of 30-35 R. Fig. 24 shows a schematic inter-
pretation of the fine structure of the neuraminidase molecule of the 
influenza virus as revealed in Figs. 16, 18 - 20. The effect fore-
shortening m'ight have on the appearance and dimensions of the head and 
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Figs. 18 - 20. Virions of the X7F recombinant after sonlcation 
with Tween 80. Some particles still have intact HA spikes which 
are seen end-on in Fig. 18 ('a' arrow) or side-on in rig. 19 
r ea' arrow). Neuraminidase molecules may be seen alone or in groups 
('b' arrows, Figs. 18, 19); the complex subunit structure of the 
neuraminidase head can be seen in these molecules. Occaslonally 
the head of the molecule is detatched from the stem and foot 
(Fig. 18,'c'; Fig. 20,'a'). Two structures with a tetrameric 
subunit could be distinguished in one virion in Fig. 18 ('d' arrow). 
Neuraminidase molecules were present as surface spikes in some 
particles (Fig. 18, Ie' arrow; Fig. 20, 'be arrow). 
Scale line = 1,000 X. 
Figs. 21 - 2). Untreated virions of the X7F l recombinant showing 
neuraminidase molecules in the surface of the virion. On 
occasions, fringes are seen which could be several enzyme sub-
units side-by-side. Scale line = 1,000 X. 
Fig. 24. Schematic interpretation of the fine structure - the 
influenza virus neuraminidase. 
(a) Top view of the head of the molecule. (b),(c) Side v :~ ws of 
the enzyme subunit showing how the length of the heari may vdry. 
(d),(e) Oblique views of the molecule showin g how the wict ~h of 
the head and the length of the stem may vary. (f) Two neuraminid-
Rse molecules with stems overlapping. 
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stem are clearly illustrated in Fig. 24. 
'rhe length of the neuraminidase molecule is similar to that 
of the HA monomer (about 150 g). This suggests that the foot and part 
of the stem of the neuraminidase molecule are embedded in lipid to 
the same depth as the HA spike, i.e. 60-80 R (Fig. 7). Thus at least 
a portion of the stem is likely to be lipophilic, and an attraction 
between the stems of two neuraminidase molecules would account for 
the presence of what appear to be pairs of these subunits with stems 
overlapping (Pig. 16d), as shown diagrammatically in Fig. 24f. 
The head of the neuraminidase and HA molecule may often b~ 
distinguished by their different staining properties. Thus spikes of 
intact particles were often seen which were probably side-on views 
of the neuraminidase (Fig. 18e, 20b, 21, 22, 23). \1here many neurami-
nidase subunits were present side-by-side, part~cles had a 'fringed' 
appearance, especially where the surface of the virion had little 
curvature. (]'igs. 22, 23); it is clear that in these particles the 
'crown' of the neuraminidase head projects to the same extent as 
that of the HA spike. \vhat could be neuramini.dase spikes at the sur-
face of BEL virions are indicated by arrow-heads in Figs. 2, 3, 4, 5, 
10, 12. 
The molecular weight of the neuraminidase head has been 
calculated as 130,000 (Laver and Valentine, 1969) on the assumption 
it is a cylinder 85 R long and 50 R in diameter. The failure by these 
workers to resolve the fine structure of the head may be related to 
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their method of isolation of the molecule in the presence of SDS, 
which is accompanied by considerable losses of enzymic activity 
(Griffith, unpubliehed observations), and perhaps the detergent 
caused SOTIe disorganisation of the head of the molecule . The mole-
cular weight of a sphere of protein (partial specific volume 
0 . 73 cm3/g.) 35 ~ in diameter is close to 16,000. A tetramer of 
these subunits would give the head a molecular weight of 64,000. 
This is in good agreement with the value of 60,000 assigned to the 
major polypeptide believed to be derived from the neuraminidase 
(E.A. Haslam, personal cOIDITlunication). The sedimentation coefficient 
of purified influenza A2 neuraminidase obtained by Rafelson et al., 
(1966) was 4.25. This indicates that the molecular weight of the neu-
raminidase is probably a little less than that of bovine serum albumin 
(67,000), which has a sedimentation coefficient of 4.3 (Tanford, 1961). 
It is not clear whether Rafelson et a1.(1966) had isolated just the 
head of the neuraminidase; our results and those of g.A. Haslam sug-
gest that this was likely. The presence of the stem and foot in the 
molecule may explain the higher S values obta.ined by other ~vorkers 0 
(Noll et ale 1962; Laver 1963; Laver and Valentine, 1969). \{hether 
the head is a single molecule or consists of subunits is not yet known. 
The ease of separation of the head and stem of the molecu.le demonstra-
ted in F:ig. 18 suggests that the head and stem are probably not joined 
by covalent bonds, although the possibility that traces of contamina-
ting proteases jn the viru.s preparation had separated the head from 
the stem cannot be excluded. 
+ Chapter 4 
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structures resembling the neuraminidase of Drzeniek et a,l. 
(1968) were not seen. The structures reported by these workers may 
in fact be aggregates of RNP subunits, since they closely resemble 
rings present in the RNP preparations of Hoyle et q~., (1961), Ruttkay-
Nedecl:::y .§.1 ..fl1., (1968) and Pons et al., (1969) both in appearance and 
dimensions. 
The_.§.:ffe_ct Q.tJ2.QC and SDS ___ Q1Lyj.rioll_illi§.gri t..Y.. 
Although DOC almost abolishes infectivity of a number of 
'n:1ue r~za strains (Smith, 1939; Burnet and IJush, 1940; Sunaga.§l al., 
1959; Webster and Laver, 1966), partially disrupted particles, such 
as those shown in Figo 16 were common in DOC-treated BEL preparations, 
indicating that this detergent is incapable of completely disrupting 
this strain. This probably accounts for the failure of this detergent 
to produce haemagglutinating subunits of uniform size from the BEL 
strain (~Jebster and Laver, 1966). DOC also fails to produce haemagglu-
tinating subunits of uniform size with a number of other strains 
(Nizutani and Hizutani, 1966; ~iebster and Laver, 1966) and does not 
permi t the complete separation of neuraminidase and HA of the LEi'; 
strain by electrophoresis (Laver, 1963). 
In contrast to DOC, 0DS is reported to reduce B~L HA to 
subunits (Laver, 1964; Laver and Webster, 1966; ~'Iebster and Laver, 
1966), al thour,h nearly 40ib of the infect; vi ty of B~-::L survived SDS 
treatment (Webster and Laver, 1966)0 Electron micrographs of BEL 
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treated with SDS revealed few recognizable virus particles, although 
many agr:regates of (".\IDorphous material were present vlhich confirmed 
the assrunption (Laver, 1964) that on the whole BEL is disrupted by 
SDS (Fig. ?5 )o Those few particles which remained intact were small 
and generally spherical, being 700 - goo .R in diameter. An example 
at higher magnification is shown in Fig. 26. 
The variable lipid composition of the MEL strain of influen-
za virus grown in the same host cell (Kates et al., 1962) suggests 
that for the assembly of the virion, the precise nature of the lipid 
is not important. However, stability of the virion is probably 
dependent u~on its lipid, since infectious virions of the MEL strain 
grown in different host cells differ in their resistance to SDS 
(Burnet and Lush, 1940), while infectious virions of several strains 
frown in different tissues of the same host differ in susceptibility 
to phospholipase C (Simpson and Hauser, 1966). Filamentous virus 
resembles cytoplasmic membranes in several respects (Burnet and Lind, 
1957) and our findings strongly suggest that pleomorphic virus too 
differs in some way from small spherical virus, which appears to be 
more resistant to SDS. The difference may lie with the lipid in the 
virion, since pleomorphic virus has a lipid conposition which differs 
from that of normal virus (Blough et al. 1967). Although this may 
hold for the majority of the pleomorphic virus, any formed by fusion 
of two small SDS-resistant spherical virions might also be expected 
to survive treatment with SDS; an example of such a particle is 
shown in Fig. 27. 
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Fig. 25. Amorphous material and small intact spherical particles 
after treatment of BEL virus with SDS. Scale line ~ 2,00 0 X. 
Figs. 26, 27. SDS-resistant BEL virions at high magnification. 
Scale line - 1,000 K. 
At present it is not possible to draw conclusions on the 
composition or genetic behaviour of infectious influenza virus 
particles by studying the structure or behaviour of virus populations, 
since the 'latter contain a majority of non-infectious particles. For 
this reason, we do not know which of the many forms of the RNP is 
present in infectious virions. ,The ease with which ~extension spring 
RNP coils are found in influenza virus preparations may be a reflec-
tion on the instability of particles containing these structures. The 
complete spiral of our Takatsy loop structure (w'hich was only rarely 
seen) may be the form present in the more stable spherical particles 
and may therefore be closer to the form of the HNP present in the 
infectious virion, if only the spherical particles are infectious. 
However, it has been demonstrated that heteroploid parainfluenza 
virus may be infectious (Dahlberg and Simon, 1969) and this is 
certainly the Case with influenza virus filaments (Ada et al., 1958) 
and probably also the case with pleomorphic influenza viruso But the 
smallest particle capable of harbouring a full complement of RNP makes 
the best use of available virion coat proteins, and would therefore 
be the preferred form of the infectious virion. Indeed, filamentous 
forms are generally replaced by spherical mutants during repeated 
passage of influenza virus ;n the allantoic cavity of chiclr embryos. 
We believe that the spherical particles shown in Fig. 25 represent 
the infectious parti.cles of BEL which are known to survive SDS 
treatment (v[ebster and Laver, 1966) and the possibility of using SDS 
to prepare virus with a high proportion of infectious particles is 
currently being jnvestigated in Melbourne . 
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PAPER 2. 
Immediate visualisation of proteins in dodecyl sulphate-
polyacrylamide gels by prestaining with a Remazol dye. 
Immediate visualisation of proteins in dodecyl-sulphate polyacrylamide 
gels by prestaining with a Remazol dyeo 
Polyacrylamide gel electrophoresis has gained wide 
acceptance as an analytical guide to purity at different stages in 
the purification of proteins. Proteins have been located in the 
gels by staining with amido black (Davis, 1964) or by the more 
sensitive Coomassie blue (Maizel, 1966) followed by removal of excess 
dye, or by prestaining proteins with fluorescent dyes (Kierszenbaum 
etalo, 1969). The time required to stain and destain polyacrylamide 
gels has been reduced by the introduction of electrophoretic 
destaining procedures (Peterson, 1968) or by using 0.05% Coomassie 
G\c.ehv 
blue in to'fo trichlorilo"acid (Chrambach etal., 1967), but generally, 
several hours are required for these procedures. Recently, a rapid 
method for staining proteins in polyacrylamide gels has been 
described by Hartman and Udenfriend (1969), but this method was 
found to be of low sensitivity for staining gels containing SDS, as 
the latter produces a background fluorescence. 
In this paper, a procedure is described for reacting 
biological material with a dye (Remazol B,rilliant_ Blue R) during 
denaturation prior to analysis in dodecyl-sulphate polyacrylamide 
gelso The sensitivity of Remazol Brilliant Hlue prestaining was 
better than that obtained wi th Coomassie Brilliant B,lue aloneo 
The method is illustrated by the rapid evaluation of purity of 
influenza virus fractionated in density gradientso 
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MATERIALS . 
1~ Remazol Brilliant Blue Rand Remazol Red B were gifts from 
Australian Hoechst Ltd. 
2 . Coomassie B.rilliant B,lue R250 was a gift from Imperial Chemical 
Industries (Australia) Ltd . 
3. Influenza virus; the filamento.us recombinant X1F1 of Kilbourne 
(Kilbourne e·tal., 1967) , and influenza B/Vic/65 were used. 
4. Buff'e~s used were : sodium carhonate-bic.arbonate (pH10, 1M), 
sodium carbonate-sodium dihydrogenphosphate buffer (pH 9.0, 1M), 
and sodium phosphate buffer (pR 8.0, 1M)~ 
METHODS . 
Virus propagation and purification. 
Influenza virus was inoculated into the allantoic cavity 
of 10-day o.ld chicken embryos and the allantoic fluid harvested after 
46 hours. B/Vic/65 and X7F1 virus were purified by two cycle's of 
adsorption onto and elution from human erythrocytes, followed by 
differential, buoyant-density and rate-zonal centrifugation as will 
4-
be described elsewhere (Griffith , in preparation). High and low 
density virus was separated by 10t hour centrifugation into a 
preformed sucrose-tartrate buoyant density gradient o These fractions 
were further separated into slowly and rapidly sedimenting components 
using a preformed 5 - 20% sucrose gradient. 
+Chapter 3 
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Preparation of samples for electrophoresis. 
From 1 - 5 mg. (in 0,.025 - 0010 ml physiological saline) 
of each virus sample were mixed (where necessary) with additional 
saline to a final volume of 0~15 ml in screw-cap vials. SDS was 
added (0.15 ml of a 1a/o, w/v, solutio.n) together with buffer of the 
appropriate pH (0.3 ml of a 1 M s01ution), 0.025 ml EDTA (~, w/v 
in water), and 0.025 ml or 0005 ml of a freshly prepared solution 
of Remazol Brilliant. Blue R (100 mg/ml in 1% w/v SDS). The vials. 
were capped and placed upright in a beaker containing a little 
cold water which 'was then brought to the boil. After five' minutes, 
the vials were· removed and 0.075 ml di thiothrei to,l (Q. 5 M) added to 
each s·ample. The samples 'were left to cool for 30 minutes. Solid 
urea w.as then added to just give a saturated solution and the samples 
left for a further 30 minutes~ Iodoacetamide (0.1 ml of a 1 M 
solution in 1 M-sodium bicarbonate) was then added to each sample, 
and the mixtures left for fifteen minutes with occasional mixing at 
room temperature. Urea crystals were deposited by centrifugation 
(10 min. at 150)0 Samples were applied immediately to the gel, or 
freed of excess stain in the following way: the sample (about 0.7 ml) 
was mixed vii th ~O ml freshly prepared acetone: methanol: acetic acid 
(24:12:1, by vol.). After fifteen minutes, the flo,cculated protein 
was collected by centrifugation and dissolved with warming as follows: 
0.1 - 0.2 ml SDS (5% w/v, containing 0025 mg/ml phenolphthalein) and 
sufficient crystals of tris base to give a purple colour were added, 
fol~owed by sufficient solid urea to give a saturated solution. This 
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precipitation procedure leaves dye and probably viral lipid in 
solution. To check that all protein was precipitated, the supernates 
from the acid acetone-methanol precipitation of four virus samples 
were poo;led and taken to dryness. The solids were dissolved in 2. ml 
water and the lipid extracted according to Bligh and Dyer (1959) with 
5 ml methanol plus 5 ml chloroform followed by 2.5 ml distilled water. 
The chloroform and aqueous methanol phases were separated and taken 
to dryness. The chloroform extract was dissolved in 0.1 ml 5% SDS 
in 0.1 M-Tris, and dialysed for 16 hour against 0.1% SDS in 0,&01 M--
phosphate buffer pH 7.0 containing 6% sucrose. The aqueous methanol 
residue was dissolved in the minimum amount of distilled water 
(abou t 4 ml) and desalted and concen tra ted by dialysis against, 
acetone-water (9:1 by vol.) containing Qo1~b SDS for 16 hours. The 
dialysis bag contents were further concentrated by placing the bag 
in a stream of air at room temperature for one hour. Finally, the 
bag, containing about 0.05 ml of fluid, was dialysed for 2 hours, 
against the SDS-phosphate dialysis buffer used above. 
Polyacrylamide gel electrophoresis. 
Electrophoresis was carried out in 10% polyacrylamide. gels 
in 0.1 M phosphate buffer pH 7.0 containing 0.1% (w/v) SDS as 
described by Weber and Osborn (1969). Samples (0.01 - 0.035 ml) 
were layered on top of the gels and subjected to electrophoresis at 
6.5 or 8 rnA per tube for various times. 
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Procedure of fixation and staining. 
Gels were removed by injection of Oo01~& SDS solution 
between the glass tube and the gel. Gels containing prestained 
material were fixed and stored in acetic acid:methanol:water (1:9:10, 
by vol~). Other gels were stained with 0.5% (w/v) Co,omassie blue in 
acetic acid:methanol:water (2:8:tO, by vol.) overnight, and destained 
with agitation in acetic acid:methanol:water (1:9:10, by vol.). 
Photographyo 
Gels were photographed before or after removal from the 
glass tubes, using a Wratten number 23A gelatine filter. 
Results. 
The activation of Remazol dyes and their reaction with 
protein and carbohydrate take place most readily at alkaline pH 
(Bohnert and Weingarten, 1967). In order to find a suitable pH, 
preparations of two different influenza strains were reacted with 
Remazol Brilliant Blue R at pH 8,9, and 10 as described in methodso 
As controls equivalent amounts of virus were denatured in the same 
manner at the different pHs, but in the absence of dye. Equal 
volumes of the dyed and undyed samples were applied to 5% gels and 
electrophoresed for 5 hours at 6.5 mA/tubeo The gels were removed 
and those containing the prestained material were fixed in acidified 
aqueous methanol; the controls were stained with Coomassie blue as 
described in Methods. The results are shown in Fig. 1. Apart from 
a band of high Inobility in the Remazol stained gels (which increased 
in amount with increasing pH) the pattern of polypeptides was 
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Fig. 1. Polyacrylamide gel analysis of denatured X7Fl 
(1 _ 6) 
and B/Vic/65 (7 - 12) influenza virus, stained with Remazol 
blue R (odd numbers) or Coomassie brilliant blue (even numbers). 
Virus was denatured at pH 8.0 (gels 1,2,7,8), pH 900 (gels 3,4 
9,10), or pH 10.0 (gels 5,6,11,12). Virus was prestained with 
2.5 mg (gels 1 - 6) or 5 mg (gels 7 - 12) Remazol blue per 
sample; samples were applied without removal of excess dye 
by precipition, and gels were stored in fixing solvent for 
48 hours before photography (see text). 
essentially similar in each group of six gels. The dye intensity 
with Remazol blue prestaining was as good as, or better than, that 
with Coomassie blue. It may be shown that the bands indicated by 
+. 
arrows also stain for glycoprotein (Griffith, in preparation)o 
Before fixation of the prestained gels a broad band of 
stain was present in the gel; this diffused out on storage. In 
10% polyacrylamide gels this ran between the additional band of high 
mobility and the most rapidly moving viral polypeptide (Fig.2a). 
The least mobile portion of this broad band was readily lost from 
";lO\M P. Ie clio.\~S·IS' 
the ~ by friffl ion overnight (Fig.2b) and corresponds to unreacted 
Remazol blue which was run in parallel (Fig.2~). The more mobile 
portion of this broad band was lost after a further few hours diai~sls. 
gtora~e. The band of high mobility was also reduced in intensity 
gel 
during ~ fixation, but failed to completely diffuse from the gel 
even on prolonged storage. It was thought that this rapidly moving 
band might represent stained viral lipid. It was considered that 
precipitation of the protein with acidified methanolic acetone would 
remove both the lipid and the excess stain, and this appeared to be 
the case (Fig.2~). 
After precipitation of the stained protein, the acidified 
methanolic acetone supernate was separated into 'lipid' and 
'non-lipid! fractions as described in Methodso These fractions were 
electrophoresed in parallel with stain which had been heated to 1000 
for 15 minutes at pH 9.0. Fig. 2e shows that the 'non-lipid' 
fraction contained no high molecular weight viral proteins, but did 
+Paper 5 
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\ Fig. 2. Polyacrylamide gel analysis of X7Fl influenza virus. 
(a - c), virus sample reacted with excess Remazol stain (a) 
which partially diffused from the sample during overni~ht 
dialysis (b), or was separated by precipitation of the 
protein before analysis (c); (d), unactivated Remazol dye; 
(e,f), 'non-lipid'(e) and 'lipid' (f) fractions of the solvent 
used for protein precipitation; (g) activated Remazol dye. 
contain stained materials of high mobility. The tlipid i Iraction 
contained the band of high mobility (Fig.2f) but this was also 
present in dye which had been activated for 15 min. at 1000 at 
pH 10.0 (Fig.2.g). It is possible therefore that the band of high 
mobility is merely a reaction product of the dye. It was observed 
that it was more readily formed at higher pH at the expense of the 
less mobile rapidly diffusing stain (See Fig. 1). 
These preliminary experiments indicated that the viral 
protein was readily stained at pH 9.0 and could be completely 
recovered free of excess stain (and presumably viral lipid and 
Remazol blue reaction products) by precipitation with acidified 
methanolic acetone. 
The abili ty of the technique to allm'l rapid ass,essment of 
viral purity is illustrated in Figo3. Partially purified virus was 
separated into high and low density fractions, which were further 
divided by rate-z,onal centrifugation into t slow' and ifast' 
sedimenting fractions, as will be described elsewhere' (Griffith, in 
preparation) 0 These four fractions 'high density slow', thigh 
density fast', 'low density slow', flow: density fast' were treated 
with Remazol blue at pH 9.0, freed of excess dye by precipitation, 
redis.solved in SDS-urea buffer and applied to 1 Cf/o po.lyacrylamide 
gels. as described in !v1ethods. After electrophoresis for 4 hours at 
8 rnA/tUbe it was evident that the flow denSity' fractions contained 
one polypeptide (arrowed, Fig. 3 a,b) not present in the thigh 
densityi fractions (Fig.3 c,d)o This contaminating polypeptide 
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Fig. 3. Analysis in polyacrylamide gels of different virus 
(X7F 1 ) containing fractions isolated during virus purification. 
Low density (a,b) and high density (c,d) virus separated into 
fast (a,c) and slow (b,d) sedimenting fractions in density 
gradients; the arrow indicates contaminating haemoglobin 
polypeptidps. The high density, slowly sedimenting fraction 
of X7F 1 virus electrophoresed for (e) 0 0 75, (f) 1.5, (g), 2.5 (h) 3.5, (i) 1j,.5 hours at 6.5 rnA per tube; bands staining for 
glycoprotein are indicated by arrow heads. 
migrated with the mobility of haemoglobin, which was visible in the 
lew density fractions by virtue ef its red colour. 
A further advantage of the prestaining technique is that 
the progress of the electrophoresis may be followed by eye. The 
electropheresis may then be stopped when maximum resolution has 
been obtained. Fig. 3 e-i shows a sample of virus electrophoresed 
fer various times at 6.5 rnA/tube; it is evident that maximum 
resolution was achieved after 4:~ hours,. Figs .• 2 and 3 illustrate 
a further advantage of the prestaining technique, namely that the 
gels may be phetegraphed witheut being removed frem their glass 
tubes. This eliminates the pessible destructio.n of gels during 
their remeval frem the tubes and subsequent stainingo 
Other Remazol dyes may also. be used fer the staining 
precedure described in this paper. It is semetimes an advantage 
to. run standard preteins as reference markers in acrylamide gels, 
and glucagon stained wi th Remazol Red B has been used for that; 
purpese in this, labera tery. 
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DISCUSSION. 
The binding of Coomassie blue by proteins at slightly 
acid pH is by an electrostatic attraction which is stabilised by 
additional Van de Waal's forces (Fazekas de St. Groth etal. 1963). 
In contrast, the binding of the activated Remazol dyes is by 
co~valent linkage (Bohnert and Weingarten, 1967)0 Remazol dyes 
are sulfatoethyl sulfones having the general structure 
R - SO - CH - CH - 0 - SO -222 3 
where, in the case of Remazol Brilliant Blue, R is an anthraquinone 
sulfonic acid. 
r" (l~b;J..) 
This dye was shown by Panch~tek eta'l..j\ to have the 
structure 
o N 'rj ... 
,,~I\r./·~'- ~ 
}, {~'l.( 
:::K+ j. 
/ t; 02- C r\L C \42..- 0 '- saiKi 
~ ",( t 
to Nt""'-, 
'--= 
At alkaline pH it is converted to its vinyl sulfone derivative 
R-SO -CH -CH -o-SO - + OH-2 2 2 3, 
-~ R-S02-CH = CH2 + SO 4 - + ~o 
which reacts rapidly under the conditions of digestion with any 
primary and secondary amines, alcoholic OH groups and SH groups 
(Bohnert and Weingarten 1967). Thus, in addition to staining } 
protein, Remazol dyes will react with carbohydrates, nucleic acid 
and complex lipids. In side reactions the activated dye reacts 
t 
with water giving the hydroxyethylsulphone (Bohnert and Weingar\en, 
1967). It is also possible that the activated dye molecule reacts 
with itself,with the NH2 group of the chromophore, or in a manner 
analogous to acrylamide, yielding dye polymers of variable lengths. 
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These wi~l have the high negative charge of the chromophore. Since 
the dye (both before and after activation) is soluble in methanolic 
chloroform, and more readily soluble in 1% SDS solution than 
distil~ed water (unpublished observations), it is probably somewhat 
hydrophobic in character. Since the Remazol dye has a negativ:ely 
charged chromophore, after reaction with the dye, the positively 
charged residues in the protein will have been converted to 
negative charges. The resulting high negative charge of the· 
reacted protein will probably render it insoluble at acid pH. 
Indeed, all the Remazol stained high molecular weight viral 
polypeptides were insoluble in acidified methanolic acetone. It 
is unlikely that the stained material of high mobility was low 
molecular weight viral polypeptides, since (a) they were not present 
in the COJomassie blue stained controls (b.) this material almost al~ 
diffused from the gels within 48 hours of fixation (c) Remazo~ 
stained glucagon (molecular weight, 3,500) was found to be insoluble 
in the acidified me thanolic. acetone and did no,t diffuse from the 
gels on storage 0 This stained material of high mobility, which 
was soluble· in the acidified methanolic acetone, is thus. likely to, 
be dye reaction products, and possibly stained viral lipids. Its 
high mobility indicates that it was of low molecular weight and 
had a high negative charge, perhaps both intrinsic and through 
complexing with the SDS. However, its failure to completely 
diffuse from the gels indicates that it was not all small molecules. 
Since the protein is freed of buffer salts as well as excess dye· 
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(and its postulated reaction products) by the precipitation step, 
the latter is routinely used in this laboratory. Where doubt remains 
about the efficacy of the precipitation step, samples may be 
electrophoresed 1>1i thout precipi tation, and freed of all but a small 
fraction of excess dye by the gel fixation procedure. 
The Remazol dye was found to react with protein under- the 
three pH conditions tested. Since hYdrOXY~iOnS are consumed during 
activation of the dye, a high concentration of buffer is necessaryo 
Even so, the· pH may drop during the reaction; for example, wi th 
the pH 8.0 buffe:u, the pH fell to 7.6. Since the proteins become 
negatively charged on staining, and since the reaction is favoured 
by alkaline pH, the pH 9.0 buffer is normally used in this 
laboratory. The introduction of additional large and negatively 
charged chromophore groups probably assists denaturation by 
unfolding the polypeptides by charge repulsion effects. Staining 
of material at pH 10 is not advisable, since glycoproteins may be 
fragmented at this pH at elevated temperatures (Neuberger' and, 
Marshall, 1966). 
I t, is· perhaps surprising that the mo bili ties of the 
polypeptides stained with Remazol are not altered to any great 
extent when compared with those of the untreated controls stained 
with Coomassie blue (Fig.1). Presumably the expected decrease in 
mobility resulting from an increase in molecular weight 
(corresponding to the amount of dye bound) is offset by an increase 
in mobility due to the increased negative charge on the stained 
~5 
polypeptides. These factors may not necessarily cancel each other 
out, as the smaller glycopeptide appears to migrate more slowly 
after reaction with the Remazol dye. Influenza contains, in addition 
to viral protein and glycoprotein rather resistant to denaturation, 
lipid and RNA. The glycoprotein is present as two polypeptides in 
\ " 
the gels of the pure virus as indicated in Fig.[lo The superior 
staining of the glycopolypeptide bands with Remazol blue is evident 
in Fig.1. The faint blue band of material which barely penetrates 
fO~ibtr 
the top of the gel maYA represent that portion of viral RNA which 
has not been hydrolysed. 
The prestaining procedure described has several advantages 
over present methods of visualis.ing proteins in polyacrylamide gels. 
In addition to being a stain of greater sensitivity than Coomassie 
blue, Remazol blue appears to be a superior stain for assessing the 
purity of material such as influenza virus which is of complex 
chemical structure. Additional advantages are gained by use of the 
prestaining procedure. Where protein is freed of excess stain by 
precipitation with acidified methanolic acetone, the colour 
intensity of the redissolved protein precipitate is a measure of 
the amount of material present, and the optimal amount may therefore 
be applied to the top of acrylamide gels without prior, time-consuming, 
k 
protein estimations. The need for tracing dyes, such as bromophenol 
h 
blue, is also eliminated. The progress of the electrophoresis may 
be followed, giving results within an hour of sample application to 
the gel, and electrophoresis may be stopped when maximum resolution 
has been achieved. If the migrating bands are observed to 'sag', 
due to over-heating of the gel in its centre, the applied voltage 
may be reduced. The gels may be photographed immediately, and 
possible breakage accompanying removal of the gel from the tube is 
eliminatedo Where necessary, gels may be removed from the tubes 
and fixed, and stored in appropriate solutions without loss of 
band intensity due to elution of the stain from the protein. 
However, the greatest single advantage of the method described is 
the elimination of time-consuming staining and destaining 
procedures, and the need for special apparatus to do thiso 
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Ever since it was demonstrated that the allantoic cavity 
of chicken embryos may be used to propagate influenza virus in 
quantity (smith, 1935; Burnet~1935), the purification of the virus 
from infected allantoic fluid has attracted considerable attention. 
A variety of initial concentration procedures have been developed 
over the years, and these have been compared by Veeraraghavan and 
Streevalsan (1961) and Heimer et al., (1966)0 Nost of these 
4:7 
procedures are suitable for concentration of a variety of strains, 
but not all lend themselves to the preparation of highly infectious 
vJ.rus . Indeed, none yield virus vlith a particle to infectivity ratio 
lower than 10:1, principally because much non-infectious virus is 
produced by infected cells (Isaacs, 1957), but also because influenza 
virus is readily inactivated by heat (Horsfall, 1955), light and 
oxygen (Appleyard, 1967), and heavy metal ions (Allison et al., 
1 962). 
VJebster and Laver (1966) demonstrated that much of the 
infectivity of the BEL strain of influenza Ao remained after treating 
virus with the ionic detergent sodium dodecyl sulphate (SDS). 
8xamination with the electron microscope of a B~L virus preparation 
treated with SDS indicated that the majority of the pleomorphic 
particles were disrupted and that the intact particles remaining 
were mostly small and spherical (Griffith and Wrigley, in preparation); 
it was thought that the surviving particles might be the infectious 
virions of the BEL strain. 
This paper describes the purification of the BEL strain by 
adsorption-elution on aluminium phosphate, followed by differential, 
buoyant density and rate zonal centrifugation. The purified virus 
was treated with SDS, which appeared to selectively destroy non-
infectious virus, leaving virus \,Ti th a 10\'1 particle to infecti vi ty 
ratio. 
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r1ATEliIA1S AND r~l£i;~l'HODS. 
ChemiG,.als. 
Sucrose, NaH2P04.2H20, Na?HP04 and potassium sodium 
tartrate were A.R. grade, and AIC13.6H20 was 1.R. grade; all were 
obtained from British Drug Houses, Poole, Dorset. Na3P04 e12H20 was 
obtained from r·1ay and Baker, Dagenham. Glycerol (redistilled G .. R.) 
was obtained from Merck, and cysteine (puriss) from Fluka. Sodium 
citrate (A.R.) was obtained from Standard Laboratories Pty. Ltdo, 
Melbourne. Sodium dodecyl sulphate was obtained from Natheson, 
Coleman and Bell and was used as a 1 (Jfb (w/v) aqueous solutiono T~leen 
80 was obtained from Atlas Powder Co., Hilmington, Delaware; it was 
deionised by storage over mixed-bed resin and used as a 10~ (v/v) 
aqueous solution. Polystyrene latex (2500 R mean diameter) was a 
gift from the Monsanto Chemical Co. 
Virus. 
The virus used waS BEL, a type Ao strain of influenza 
r.:: 
virus (Burnet et al., 1942). Seed virus wa.s diluted 10-::> in Ca-l\.1g 
saline ('F'aJ":jckas de St. Groth et al., 1958) and about 104ID50 of the 
virus \-Jere inoculated into the allantoic cavity of 10 - 11 day old 
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chick embryoso After 36 hours incubation at 33°, the eggs were 
chilled at 4° for 9 hours. Allantoic fluid was harvested into bottles 
containing 300 mr cysteine per 100 eggs used. 
Pre.R<ara t:hQ.n Q.f..._a.I.UI!!.iI1iunL2?Jlo~sl?.ha t_~. 
Re.tch-e.dsorption-elution on alumj.nj.um phosphate gel has 
been successfully appli.ed to a number of strains of i nfluenza virus 
(Miller and Schlesinger , 1955; From1bagen and Kn~rht, 1959; 
Veeraraghavan and Streevalsan, 1961) . In prelininary experiments -i t 
was noted that the alwni,niUln phosphate gel prepared by tlJ.e method of 
IVliller and Schlesinger (1955) vIas converted to a very fine suspension 
when mixed vIi th a large voluMe of d.i stilled w& ter; the gel wa~..> 'H ' . -j Y' 
formec1 on the addition of sodiur:1 phosphate buffer (pH 800) to a final 
molari ty of about 0 . 09. The batch adsorption-elution procedure \'faS 
thllS modified to make use of the greater adsorbing capacity of finely 
divided aluminium phosphate. 
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Sodium phosphate (SO g) was dissolved in 4 litres of distilled 
water. To this was added AlC13 (53g) dissolved in 4 litres of 
distilled water . A few crystals of phenol red were added and the pH 
of the mixture ad,justed to a phenol red end- point by the gradual 
addition of a saturated solution of sodium phospha.te. rrhe AIPO~ VJas 
collected by centrifugation (International PR2 , head 276a , 2 , 300 rev 
min., 15 min . ) and suspended in 3 , 250 ml distilled water; the AlP04 
waS flocculated by the addition of 300 ml 1 M-sodium phosphate buffer, 
pH 600 , and collected by centrifugation. The gel was l'Vfished 8. second 
time in the same way , but then resuspended in distilled water to a 
final volume of 2 Ii tres 0 rrhe stock suspension vIas stored at 4.0 in 
thQ nresence of sodium azid.e (0 . 051b w/v) . 
Congentra tiQIL.o£:,_vj.rus . 
To each litre of allantoic 'fluid were added: 250 mg 
cystei.ne , 25 ml 1 M- sodium phosphate buffer (,H 6 . 0), and 500 ml 
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distilled water followed by 100 ml of the stock aluminium phosphate 
suspension; all except the phosphate buffer were chilled to less 
than 40 before mi.xing . After 30 min. at 00 , the AlP~\'1aS collected 
by centrifugation, washed once "lith a volume equal to that of the 
original allantoic fluid of ice-cold 0.1 f1- NaCl (containing 0.01 
l'vl-phosphate buffer, pH 6.0). For each litre of allantoic fluid, the 
virus tvas eluted at 00 from the gel irli th 40 ml 0.30 I\T-sodium phosphate 
buffer (pH 8.0), 120 ml of a mixture of equal volumes of this buffer 
and 0.25 l'1-sodium citrate, and 60 ml 0.25 I'fI-sodium citrate. l~lution 
'V'ri th sodium citrate converts the gel to a fine suspension of aluminium 
phospha te; this °t'las assisted by a single cycle of homogenisa tion with 
a teflon-in-glass homogeniser. 
~ach eluate was centrifuged in a Christ centrifuge Zeta 17 
(8710 head, 8000 rev/min., 15 min .). The pooled eluates were 
concentrated by centrifugation in a Spinco 21 L rotor (19,000 rev/min., 
55 min.) onto a glycerol-sucrose-tartrate (G.S.T.) cushion (0.5 ml of 
the light component of the buoyant density gradient described below). 
Felleted virus was resuspended by gently pipetting it in a little Ca-
Hg saline (Fazekas de St. Groth et al., 1958) containing cysteine 
(1 mg/ml); deionised Tween 80 °was added to a final concentration of 
2/; (v/v). 
Density gradient centrifugation. 
Buoyant density gradients were prepared from a glycerol-
sucrose-tartrate mixture . A stock solution was prepared consisting 
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of a mixture of 22.1 g sucrose, 22.1 g Na-K tartrate and 35 ml 
glycerol, 0.08 g sodium azide, 25 mg cysteine plus distilled water to 
100 ml. 30.9 ml portions of this GST stock solution diluted with 
, r 
5.1 ml and 23.1 ml distilled water comprised the 'heavy' and 'light' 
components of the density gradient. 3 ml of the stock solution 
were placed in the bottom of a :3 by 1 inch Spinco tube, and on top 
was layered a linear gradient prepared from 11 ml heavy and 12 ml 
light components with an appropriate gradient forming device. After 
chilling the gradients, 3 - 5 ml virus concentrate was layered on top, 
and the tubes centrifuged for 9.5 hours at 23,000 rev/min., (Spinco 
S\'f 25.1 m1ing-out head). Thirty 1 ml fractions viere collected through 
a hole punctured in the bottom of the tube to one side of the Alf04 
pellet. 
The fractions containing the virus were pooled, diluted with 
an equal volume of ice-cold, distilled water, and pelle ted onto the 
tube surface (Spinco 30 rotor, 25,000 rev/min., 40 min) or centrifuged 
in the SH 25.1 rotor (23,000 rev/min", 90 min.) onto a G.S.'I'. cushion 
(4.0 ml of G.S.T. stock). The virus at the interface 'vas collected 
through a hole in the bottom of the tube and dialysed at 00 for 5 
hours (vTith two changes) against 200 vol. Ca-Ng saline containing 
0.25 mg/ml cysteine. 
Rate zonal centrifugation. 
Samples of dialysed virus were treated at 15 0 with SDS or ~t 
00 with Tween 80, and centrifuged into a 10 - 3Qh (v/v) glycerol 
gradient in 0.15 ii-ammonium acetate containing 0.25 mg/ml cysteine 
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for 80 min ., at 11,000 rev/min., (Spinco S\i 25 . 1 head). The 
gradients were prepared and run at 15 0 without pre-cooling the rotor; 
this procedure separates the virus from the detergents. If operations 
are carried out at low temperatures, SDS comes out of' solution and 
carries the virus with it . 
Titration of virus. 
(a) Particle counts. 
1 ml of a 5076 suspension of latex particles i;vas suspended 
in 20 rnl distilled water and centrifuged in a bench centrifuge (~CCO 
type EII/10 for 15 min at maximum speed) to remove gross aggregates. 
'llhe clarified suspension vias diluted to 200 ml with distilled water 
and filtered through a hillipore filter (pore size, 450 m,;v) to 
remove fine aggregates . Aliquots of the filtered suspension were 
taken to dryness and weighed . The latex particle number per ml was 
estimated from the known density and dimensions of the particles . 
This stock was used to estimate virus particle numbers by the "loop 
drop" method of 'jla tson et al., (1 963) • Virus samples for particle 
f 
counting \lTere dialysed against 25/0 glycerol in 0.15 M-ammoniurn 
acetate containing 0.25 mg/ml cysteine. Appropriate dilutions of 
virus were mixed with an aliquot of the latex suspension, applied to 
a carbon-coated grid, and dried under vacuo. The grids were t hen 
stained wi th a Ii ttle 2~'~ phosphotungstic acid (pH 7.0) and air dried. 
Samples v{ere examined with a Siemens ~lmiskop II operating at 80 KV. 
(b) Haemagglutinin ti trations iv-ere carried out as described by 
liebster (1965) . 
5~ 
(c) Infcctivit~ was assayed in s11rviving pieces of allantois-o~-shell , 
according to the method of F'azekas de St. Groth and i,.fhi te (1958). 
Est i~.~ t ion 0 f -12,.ro t e in . 
l)rotein was estinated by the method of Lowry et 8;1 ., (1951) 
using bovine serum aluumin as a standard . 
with SDS 
----
Purj fied suspension (freed of T''1een 80 by dialysis against 
Ca- Mg saline) was brought to 5% with respect to bovine seru~ albumino 
Sufficient 1070 SDS solution "laS added to this virus suspersioY} to 
just clear the opalescence . The virus vlas i "'l.nediately layered on a 
23 ml linear sucrose gradient (5 - 20}S "V-l/ V in Ca- IJIg saline) and separated 
from low molecular weight material and excess SDS by centrifugation at 
150 onto a 3. 5 ml 6~~ sucrose cushion (60 min ., 23 , 000 rev . /min ., 
Spinco S!J! 2501 head . The virus band at the bottom of the gradient 
was recovered , applied to a QST, gradient, and centrifuged for 8 hours 
l.t 23 , 000 rev o/min . to separate virus from partially degraded virion 
fragments . 
A9..rY..J._~_rr9-§~el electrophoresi s 
About 1 mg of each virus sample was freed of glycerol and 
ammonium salts by dialysis against Ca- Ng Saline . The virus waS 
denatured and prestained with Remazol brilliant blue R as described 
~ 
elsewhere (Griffith, in preparation) . Stained material was analysed 
in 10/6 polyacrylamide gels using the procedure of ~1eber and Osborn 
( 1969) . 
+ 
Paper 2 
Sta~e pH r i f i c a ti on a In 
Jnf('ctC'd allCllltoic fluid 
COlLlbinC'd Al PO Ii elan tf'S 
h Hut eoncC'ntrate 
G.S.T. I~radi~nt: 
frnctions 1 - 10 
11 
- 22 
23 - 25 
q6 
- 29 
'1' 1'( 1 ( O-(r('fl Lcd v l rns: 
1 0 . "5 0 7~ {'( 1 Y (' (' r 0 I ' 
f! rllcliellt 
SDS tJ' at('d vi "Ir~: frp('(l 
o f ~) J) S ;)1 \11 v l r 1 0 n 
f ':):~ I 1(' Tl t. ~ • 
Jo' 0 ' 0 ' L It i I ~\ , !l ( \ t > t,. 
NT 11 0 L \ t ,d 
HA nni ts 
{total} 
10G.90 
106 . H65 
lO6.H) 
10 5. 60 
lo6.G2 
10 5 . 38 
10 5 . 05 
r::: 7' 10 ). 1 
TABLE 1. 
H0cov0ry IIA/mg IJ)~o 1D50/ TTA ParticlE's Particles % protE'in (to ,ell ) (total) per 1D50 
100 10)·1 1013 . 05 106 . 15 NT 
-
91 .2 10 403 NTh 
-
NT 
-
R5 10 5 . 21 1012 . 87 106 . 04 NT 
-
/ 
5 10 5 . 30 Nrf NT 
-
73 10 5 . 31 10 12 . 58 10 509h Nrf 
-
3 10 5 . 28 N'f 
-
NT 
1 .5 102 . GO Nrf 
-
NT 
-
N'r 
6 <) . . 10 I 2 . () '. 
~ 
~ 
" ~ 
~ 
~ 
:. 
... 
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R~sul.is • 
rrhe activity and recovery at various sta~es in the 
purification of virus by adsorption-elution on alurniniuJIl phosphate, 
follo1fled by differential, buoyant densi ty and rate-zonal centrifugation 
are given in rrable 1 CI Recovery of haemagglutinin (HA) on elution 
from the aluminium phosphate was virtually quanti tative and virus vIas 
purified 15 fold with respect to protein . Concentration of the eluate 
by centrifugation was accompanied by small losses in both HA and 
infectivity, but the amount of contaminating material was again 
substantially reduced by this step_ The concentrated virus was treated 
with rr'ween 80 and centrifuged to eouilibrium in a GST gradient as 
described under kethods. The appearance of the gradient after 905 
hours centrifuga.tion is shown in Fig . 1 and the distribution of HA 
in B'ig. 2. A large amount of non- haemagglu tina ting material remained 
at the top of the gradient. The material in fractions 1-10 and 26-29 
was concentrated by 'pelletingt, and that in fractions 11-22 and 23-25 
by centrifugation onto a GST cushion as described under Methods. It is 
apparent from Figo 2 that the bulk of the virus was present as a 
single broad band. 
The concentrated material containing the bulk of the virus 
was divided into four unequal portionso About 10 4.55 HA units were 
treated with Tween 80 (final detergeDt concentration 1~; v/v) and 
10 4.85HA units 'vi th SDS (final concentra tion 17'; Y.7/V) 0 These 'were 
layered, together with a portion of untreated virus, on separate 10-3Ojb 
glycerol gradients. These were centrifuged as described under Methods 
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Fig. 2. Distribution of HA activity in the buoyant 
den8ity illustrated in Fig. 1. Thirty l-ml fractions 
were collected through a hole in the bottom (B) of 
the tube, and titrated for HA 
.V 
.. 
L-
and 30 one- ml fractions collected and assayed for HA activity_ 
rrhe distributions of the HA in the rate-zonal gradients are ill.us-
trated in Fig. 30 It is evident that the control virus, not treated 
with detergent, migrated as a broad band down the gradient and a 
substantial proportion was present on the bottom of the tube. This 
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was undoubtedly a result of particle aggregation, since the Tween BO ·-
treated virus migrated as a more compact band, with very little 
rapidly sedimenting material. The Tween 80 had no effect on virus HA, 
infectivity or purity (Table 1); the virus present in the G~T gradient 
(fractions 11-22) was thus essentially pure. This is confinned by 
analytical acrylamide gels, vlhich indicate that virus before and after 
rate-zonal centrifugation contained essentially the same number of 
polypeptides (Fig.4). 
In contrast to Tween 80-treated virus, that treated with 
SD~ contained HA of variable sedimentation-constant spread throughout 
the upper half of the gradient (F'ig. 3). Some HA sedimented with the 
same velocity as the bulk of the rrween 80 treated-virus, but most 
remained at the top of the gradiento This suggested that some virus 
remained intact and that some was partially degraded, but that the 
bulk was reduced to low molecular weight haemagglutinating subunitso 
It was apparent that the rate-zonal gradient failed to cleanly 
separate any remaining intact virus from partially disrupted virions. 
The rapidly sedirnenting material was separated from the bulk of the 
virion fragments by centrifugation onto a sucrose cushion, and from 
large virion fragments by buoyant density centrifugation as descr5bed 
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Fig. j ' . Rate-zonal profile of virus in glycerol gradients . 
Untreated virus (filled circles), virus treat~d with 
Tween 80 (open squares), and virus treated with SDS (open 
triangles) were centrifuged for 80 min. at 11,000 rev./min. 
into 25 ml linear 10 - 30% glycerol gradients in a Spinco 
SW25.1 head at 150 • Thirty l-ml fraction8 were collected 
through a hole in the tube to one side of the pellet; the 
latter was resuspended in the bottom fraction (B). 
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nalYRis in rolyacryll~ide gels of samples of 
virus fit differpnt stu{J.eB of pu rificntion \sen Table 1). 
(,2. ) e Iu h tp coneen tra t(& ; (h - ~ ) , buoyan t dens i ty gradi en t: 
'rac tions 1 - 10 ( b), 11 - 22 ( c ) , 23 - 2 ~ (d), 26 - 29 ; 
(.!), virus bnndf!d in a 10 - 10; :.:l ycer()l gr(ldi~nt. 
Samples rlenatured with SDS were stained with Remazol 
brilliant blue R at pH 9.0 and 100°, followed by reduction 
with dithiothreitol. Samples were electrophoresed into 
polyacrylamide gels for 2 hours at 8 rnA/gel. 
Fig . 5. Appearance of BEL virus before (a) and after (b) 
treatmpnt with SDS and separation from virion fragments. 
Virus was negatively stained with 2~ neutralised phospho-
tungstic acid. Har = 2,500 I. 
under Methods. The fractions 11 -22 of the latter eradiert were 
pooled , dialysed and vjrus ~ctivity estimated. It is evident troM 
Table 1 that the recovered virup had a low ~rrticle to i~f0ctivit'T 
r.<ltio , sugrest-j tl"-1 t a orof)ortion of infectious vi -cions were 
more resistant to f,D~) disruption than the bulk of the non-infectious 
virus . 
Purification of influenza virus by adsorption-elution "\'Ji t-i1 
erythrocytes has frequently been used in the past , since only 
materials able to adsorb to red cells and to elute therefrom under 
enzymic action ~lill be carried through such a step; the procedure is 
thus ODe hi lShly specific for Vl ral proteins . HOlilever for the 
preparation of infectimls virus it is unsuitable , since elution is 
perfor'Yled at rooJ'Tl tel'':nerature , or at 370 • }i'urthermore some haemolysis 
accompanies SUC}l elution , and the vl.rus becomes contaminated vTi th 
a , 
red cell de bris. '£his debris ·~s only partially removed by rate-zonal 
centrifugation.; complete removal requires an additional buoyant 
t-
density centrifugation step (Griffith , in preparatio~)o In either 
step substantial viral act~vity remains associated with the red cell 
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debris, and neither I l agei~~1 (Laver, 1969) nor nonication ~r treatment 
with Tween 80 completely separates this union (unpu~lished observa-
tions); the reaeon for this firm ag~recation is not clear, but May be 
a consequence of the ability of influenza virus to fuse with cell 
membranes (Hoyle et a1 196?; Hoyle , 1962; Norgan a.nd Rose , 1968) . 
For the BEL strain, adsorption-elution with red cells is unsatisf'actory 
+ Chapt~r ") 
since this strain actively lyses many of the cells. This property 
seems to be associated with the virion, since virus purified by the 
procedure described in this paper lyses erythrocytes almost as much 
as the infected allantoic fluid (unpublished observation). 
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Although adsorption-elution with aluminium phosphate does 
not separate virus from non-haemagglutinating non-infectious membran-
eous material present in infected allantoic fluid (Frommhagen and 
Knight, 1959), they are readily separated by buoyant density centri-
fugation, since these membraneous contaminents of the virus are of 
much lower density and remain at the ton of the gradient. Red cell 
debris, when present, sediments to a position between this material 
nd the main band of virus. 
Detergents have been used to free virus from cell debris, 
Igepon T73 being used with Barley stripe mosaic virus (Brakke, 1959) 
and Tween 80 with rubella virus (fJIagnusson and Skaare, 1967); 'llvleen 
80 has also been used to achieve full recovery of influenza virus 
adsorbed to columns (Bengtsson and Philipson, 1964). It is evide~t 
in .B'ir:. 3 that irfluenza virus recovered from a GST gradiPYlt 
concentrated on a GST cushion is substantially aggregated, since HA 
is spread through much of the rate-zonal gradient and is present in 
the pelleted materialo These ageregates are most probably clv~~ed 
virus particles, since virtually no material was pelle ted after 
treatment of the' virus wi th Tween 80. The cbsence of haemag{;lutinin 
at the top of the rate-zonal gradient indicates that this detergent, 
unlike SDS, does not reduce even a portion of the virus to sub-units. 
The infect ivity of two Asian strains (£?/SA/~4 ~nd A2/ liT/62) was , 
li~e B~1 , unaffected by exposure to excess Tween 80 nt 0° for up 
to 3 days (unpublished observations) 0 
Desnite the care taken to nreserve the infectivitv of the 
~ ~ u 
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virus durine purification (by usin~ , wherever possible , cold ~lycerol 
solutions containing cysteine as an anti-oxida~t ) , some losses never-
theless occurred . The reason for this is not clear, but one possibility 
is that particle nu~bers have been red11ced by physical fusion of 
~ 
virions , as su{~pested by Griffith and Urigley (in preparation) , or by 
fus ion of virions "ttTi th cell menbrane contaminants as sug-ves ted above. 
·We have seen that SDS converts much of the virus to subuni ts , and 
that those virions resistant to the dete r gent are mostly small and 
spherical . l'he ability of SDS to selectively disrupt the majority of 
the pleomorphic virions without an equivalent decrease in t~e nu~ber 
of infectious particles , suggests that the pleomorphic vinls con~ti-
tutes the bulk of the noninfectious virus present in the preparation 
prior to SDS treatment o It is obvious that the pleomorphic virus 
differs physically (in appearance) from the spherical vi~us , and its 
susceptibility to SDS suggests that it differs chemically too . The 
difference most probably lies in the lipid composition of the virus , 
since vitamin A induced pleomorphic virus has a lipid comnosition 
different from that of t normal ' virus (Blough JLt al ., 1967) and virus 
grovln in different l-J.osts varies in susceptibility to SDS (Burnet and 
Lush , 1940); furthermore , virus grown in different t issues of the 
same host varies in susceptibility to phospholipase C (~impson and 
+ l)ap~r 1 
Hauser, 1 966) • 
Although the ideal influenza preparation of one 1D50 per 
physical virus particle has yet to be achieved, by using SDS to 
disrupt much of the noninfectious virus we are now able to prepare 
virus with a particle : 1D50 ratio closer to the ideal than has 
hitherto been achieved . Thus we are now in a better position to 
investigate the structural chemistry, and the genetics, of the 
infectious virion . 
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PAPER 4. 
The effect of cystine cross-links on the mobility of 
proteins in dodecyl sulphate-polyacrylamide gels. 
- 3 -
Introduction. 
Shapiro, Vinuela and IVlaizel (1967) reported that the rate 
of migration of polypeptides in polyacrylamide gels in the presence 
of SDS* is dependent on the molecular weight of the polypeptide. 
Their findings have been confirmed for a large number of different 
proteins of well characterised molecular weights (Shapiro and 
r·1aizel , 1969; vleber and Osborn, 1969; Dunker and Rueckert , 1969). 
The report by Pitt-Rivers and Impiombato (1968) that disulphide-
stabilised proteins bound up to 5~b more SDS by weight after 
reduction, suggested that unreduced proteins might behave in an 
anomalous fashion in SDS-polyacrylamide gels. This paper reports 
an investigation of this possibility. As there are few well 
characterised proteins containing a high content of cystine, 
artificial oligomers of a number of proteins were prepared to 
serve as models in this investigation. From the behaviour of these 
model polypeptides, it is concluded that, generally, the migration 
rate of proteins in SDS-polyacrylamide gels is significantly 
altered by the presence of several intrachain disulphide bonds. 
* Abbreviations: SDS, sodium dodecyl sulphate; TEriflED , N, N, N' ,N'-
tetra methylethylenediamine; BSA, bovine serum albumin. 
4/000 
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IVIATERIALS AnD Iv]ErrHoDS. 
Analytical grade NaH2P04 .H20, Na2HP04.7H20, 
EDTA, 
methanol and ammonium persulphate were obtained from British Drug 
Houses. Analytical grade acetic acid and NaN3 were from Ajax 
Chemicals (Vic) Ltd., 14:elbourne. Tria base was obtained from Sigma . 
Acrylamide, N, N' -methylene bisacrylamide, TErI8D and p -mercaptoethanol 
were obtained from Eastman Kodak. Dithiothreitol and iodoacetamide 
were obtained from Calbiochem. Sodium dodecyl sulphate (95~b) was 
obtained from Iviatheson Coleman and Bell. Urea was obtained from 
lVlallinkrodt Chemical 1viorks, New York. Glutaraldehyde "was obtained 
"' as a 25~o solution from L. Light and Co., Colnbrook, Bucks. Amido 
black was obtained from Schmid and Co., Chroma-Gesellschaft 
Stuttgart-Untertukheim, Procion blue from Imperial Chemical 
Industries (Australia) Ltd., and bromophenol blue was obtained from 
G.T. Gurr Ltd., London. 
The proteins used were ovalbumin, ribonuclease and 
lysozyme (Nutritional Bj_ochemicals Corporation), pepsin and soybean 
trypsin inhibitor, (vJ"orthington), A and B variants of }3-lactoglobulin 
(Koch-Light Laboratories, Colnbrook, Bucks) , glucagon (Lilly), 
Bacillus subtilis ~-amylase (Type IIA, Sigma) , BSA and human 
¥- globulin (Commonweal th Serum lJaboratories, Nelbourne) . Human 0( 2~2 
haemaglobin "Tas prepared from erythrocytes; the cells were washed 
three times with buffered saline (0.15M NaCI in 0.01M phosphate 
buffer, pH 702) and lysed with 10 volumes of distilled water; the 
5/ ... 
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haemoglobin was clarified by centrifugation for four hours at 
35,000 r . p. m. in a Spinco 40 rotor and then lyophilised. 
6/ •.. 
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Preparation of samples for electrophoresis. 
Fifteen mg. of each of BSA, ovalbumin, ~-amylase, 
~qe~O a; 10 b j' rV 
~ -lactOgIObUlin, J lysozyme and ribonuclease w"ere dissolved in 1 ml 
aliquots of sodium phosphate buffer (0.1 N, pH 7 . 0 ) in a screvl-cap 
vial . After addition of 2~ of 25% glutaraldehyde to each, the 
samples were gently agitated at room temperature for two hours . 
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Half of each sample was transferred to a fresh vial containing 0 . 05 ml 
1 111- iodoacetamide; 0 . 05 ml 0 . 5 1'-1- di thiothrei tol was then added to the 
remaining portion of each sample . To all samples 0 . 25 ml 2 r·1- tris 
base, 0 . 25 ml 10% (VI/V) SDS and 0 . 05 ml 5% (t'f/v) EDTA \vere added. 
The vials were capped and placed in cold water which was slowly 
brought to the boil . After treatment at 1000 for two minutes, the 
vials were cooled and 1 . 0 g solid urea added to each. All samples 
were incubated at 35 0 for three hours. To the samples reduced t'ri th 
dithiothreitol, 0 . 1 ml 1 H-iodoacetamide (in a 1 M-NaHC03 solution) 
was then added. All samples were dialysed for 8 hours against 500 
volumes distilled water (one change), and then for 16 hours against 
0 0 01 Iii- sodium phosphate buffer , pH 7 . 2 , containing 0 . 1 ~b SDS , 6}b (~r/v) 
sucrose and 0 . 01 ;b sodium azide to prevent bacterial growth . 
Haemoglobin and ribonuclease were also reacted vIi th 
glutaraldehyde in the presence of SDS . Fifteen mg of each protein 
\'lere dissolved in 1.0 ml sodium phosphate buffer (0.1 J'.1 , pH 7.0) . 
The samples were divided into two equal portions. Iodoacetamide was 
added to one portion and dithiothreitol to the other, and to all were 
7/ ••. 
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.added SDS, tris, EDTA, heat, urea)and to the reduced samples 
iodoacetamide as described above. The samples were separately 
65 
dialysed (with one change) against 100 volumes 0.1 ]VI-sodium phosphate 
buffer (pH 7.0) containing O.Vb SDS for 16 hours. They were then 
reduced in volume to about 0.3 ml by pervaporation at room 
temperature. Dialysis was continued against fresh buffer overnight. 
The samples Vlere then made up to 0.5 ml wi th dialysis buffer and 
reacted for 2 hours at room temperature with 1 .! 1 of 255'0 glutaral-
dehyde. The samples were then dialysed against water followed by 
the su~rose buffer as described above. 
Lysozyme and ribonuclease, after reduction and alkylation 
were also treated with glutaraldehyde in the presence of 8 M-urea . 
7.5 mg portions were reduced and treated as described above, but 
without the addition of SDS or glutaraldehyde . After the reaction 
with iodoacetamide, samples were dialysed against 100 volumes 8 M-
urea in 0.1 lVI-sodium phosphate buffer (pH 7.0) for 24 hours, 1>lith 
.·f 
changes at 8 and 18 hourso Samples were then treated with 1~ 25~ 
glutaraldehyde at room temperature for two hours. Mercaptoethanol 
(0.025 ml) was added to all samples, which vlere then dialysed against 
the sucrose buffer described above. 
Polyacrylamide gels. 
Polyacrylamide gels were prepared according to Summers , 
Maizel and Darnell (1965). 10 - 12 cm gels were cast in 14 cm glass 
tubes (with an internal diameter of 6 mm), mounted vertically on 
8/ •• 0 
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Farafilm. Gel and electrophoresis buffers were 0.1 M-sodium 
phosphate, pH 7.2, containing 001% SDS and 0.01 ~ sodium azide. The 
gels were 5% (w/v) with respect to acrylamide, 0.13% with respect 
A 
to N,N'-methylene bisacrylamide, and were polymerised with 0.1jb 
ammonium persulphate and O.05~;0 (v/v) TEI"lliD. Gels \iere overlayered 
vii th distilled water. After polymerisation, the water Has replaced 
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with electrophoresis buffer, and the gels stored at room temperature 
before use. 
Electrophoresis . 
Protein samples were mixed with a few)kL of glucagon 
solution (5 mg in 1 ml 1% (w/v) SDS) which was used as an internal 
reference marker, and a trace of bromophenol blue (which was used as 
a running guide). Between 5 and 35Jkl of each sample containing 15 -
150~ protein were layered under the buffer upon the surface of the 
gel . Electrophoresis was carried out at constant current for various 
times (usually 9 mamp per tube for 4 hours). 
Staining. 
After electrophoresis, gels were stained by agitating for 
1 hour in acetic acid: methanol: water, 1 :4:5 (by volume) containing 
1% (w/v) Procion blue and 2~ (w/v) Amido black. Gels were destained 
by agitation in acetic acid: methanol: water, 1 :8:10 (by volume) over-
night, followed by 7;70 (v/v) acetic acid for 24 hours. Gels were 
photographed through a ~ratten 23A filter. 
9/ ••• 
- 9 -
l\1easurement of Relative I-lobilities. 
The distance from the discontinuity at the top of the gel ' 
(visible as a refractile band, or as a change in degree of back-
ground stain) to the centre of each protein band was measured. The 
values were converted to relative mobilities by dividing each by the 
distance migrated by the glucagon marker. 
10/ •• 0 
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.RESULTS 
Since it was intended to compare small differences in 
mobility, it was first necessary to ensure that the mobility of 
proteins relative to a given standard were constant. The internal 
standard chosen was glucagon. Nine proteins were chosen to construct 
a standard curve. ]'ig. 1 shows a plot of mobility rela ti ve to 
glucagon versus the molecular weights given in Table I. Each point 
represents the mean of a number of experiments (indicated in parent-
hesis for each protein in Fig. 1), and the 99% confidence limits are 
shown. The line Vias fitted to the mean values for each protein by the 
method of least squares using an IBl\1 7044 computer. The values for 
ribonuclease and lysozyme were not used for this standard curve, as 
these proteins are reported (Shapiro et aI, 1967; Dunker and Rueckert, 
1969) to behave anomalously in SDS-polyacrylamide gels. It can be 
seen that the mobilities measured relative to glucagon were highly 
reproducible between experiments, provided that measurements were 
taken from the boundary of the gel proper and the visible discontin-
uity, present at the top of the gel. This discontinuity, which 
varies from gel to gel, is probably the greatest source of error, 
especially for proteins of low mobility (Maizel, 1969). Fig. 1 also 
shows that deviations from the expected curve are reproducible 
(e.g. compare ~-globulin L chain and soybean trypsin inhibitor). 
Fig. 2 shows the polypeptide patterns obtained after reacting a 
number of proteins \uth glutaraldehyde and denaturing them with and 
without simultaneous reduction. The band of highest mobility in 
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Fig. 1. Plot of relative mobility versus loglo~olecular weight 
of the protein. Each point represents the mean of a number of 
measurements (given below in parentheses for each prot~in) Rnd 
the 99% confidence limits are indicated. The line of best fit 
for the mean values (excluding ribonuclease, R) was determined 
by the method of least squares. B c bovine serum albumin (34), 
H _ 't -globulin heavy chain (10), A c: o(-amylase (13), 
o _ ovalbumin (11), P II: pepsin (13), GL ft ¥-globulin li~ht 
chain (10), T _ trypsin inhibitor (11), La II: ~-lactoglobul-
in (13), Hb - haemoglobin (11), R - ribonuclease (10). 
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Fig. ~. Analytical polyacrylamide gels of standard proteins 
.-(a - d) and proteins reacted with glutaralrlehyde b~fore 
denaturation (e - r) and after d~naturation (s - v). In all 
gels the direction of migration was from top to bottom; the 
band of highest mobility was glucagon. (a) Mixture of BSA, 
v 
y -globulin and ribonuclease; (b) Mixture of nSA, o<-amylase, 
pepsin and ~ -lactoglobulin; (c,d) Mixture of BSA, ovalbumin, 
tryspin inhibitor and haemoglobin. In each of the following 
gels the protein pairs were (unreduced sample first ) : 
ribonuclease ~e,f), lysozyme ~g,h), haemoglobin (i,j), 
j3-lactoglobulin (k,l), ovalbumin (m,n),o<-amylase, (o,p), 
BSA (q,r). Haemoglobin (s) reacted with glutaraldehyde after 
denaturation without reduction; ribonuclease (t,u) denatured 
in SDS without reduction, reacted with glutaraldehyde and 
then electrophoresed without (t) or with (u) prior reduction; 
ribonuclease (v) denatured, carboxymethylated and then reacted 
with glutaraldehyde in the presence of SDS. 
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each case was glucagon. The mobility of each polypeptide was 
measured relative to that of glucagon and the mean values (obtained 
from four to six gels) plotted against the 10g10 of the molecular 
weights (Fig. 3). In calculating the molecular weights of the 
polypeptide oligomers from the values given in 11able 1, it vlas 
assumed that cysteine residues, either indigenous or formed on 
reduction, had all reacted vlith iodoacetamide, and that only n-l 
glutaraldehyde molecules were bound per oligomer (where "nit is the 
number of polypeptides assumed to be present in each oligomer). 
Figo 3a shows the plots for ~-lactoglobulin and its 
oligomers. It is apparent that the molecules in which intramolecular 
disulphide bridges have been destroyed migrate more slowly than their 
unreduced counterparts. The differences were significant at the 5fo 
level, as were all other comparisons in Fig . 3, unless otherwise 
stated. The mobilities for ovalbumin oligomers, both reduced and 
unreduced after reaction with glutaraldehyde, are also shown in Figo 
3a; the differences in these cases vrere not significant. Also sh01.yn 
are the mobilities of denatured ovalbumin which had been reacted with 
neither glutaraldehyde nor a reducing agent. The mobility of the 
monomer of this is significantly different from both that of the 
glutaraldehyde treated but unreduced ovalbumin and that of the 
reduced ovalbumin used for the standard curve. In contrast neither 
the mobilities of the various dimers nor those of the various 
trimers of ovalbumin differed significantly. 
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Fig. 3 b shows the plots for haemoglobin and its oligomerso 
~ith this protein, no difference was seen in the migration rate of 
reduced and unreduced glutaraldehyde-reacted molecules. Glutaraldeh-
yde treated BSA, however, showed a marked decrease in mobility of 
both monomer and oligomers on reduction. Denatured monomer and dimer 
of BSA, unreacted with glutaraldehyde and unreduced, migrated less 
rapidly than their glutaraldehyde treated equivalents. 
Fig. 3c shows that the mobility of~-amylase monomer was 
unaffected by reaction with glutaraldehyde, and the mobility of both 
it and the dimer were unaffected by reduction. Glutaraldehyde-
treated lysozyme, on the other hand, showed a divergence between 
reduced and unreduced oligomers which increased with molecular 
weight. Surprisingly, the unreduced monomer migrated less rapidly 
than the reduced monomer. This apparent reversal was not observed 
(see Fig. 3d) with the glutaraldehyde-reacted monomer of ribonuclease, 
since both reduced and unreduced monomers had mobili ties ~\Thich were 
not significantly different. However, the reversal was very notice-
able with the ribonuclease dimer. The other oligomers of 
ribonuclease, as with lysozyme, showed a divergence between the 
unreduced and reduced equivalents which increased with molecular 
weight. 
Generally, the reduced glutaraldehyde-reacted polypeptides 
migrated more rapidly than one might have expected from the standard 
curve. Since the presence of intramolecular disulphide links 
appeared to result in increased mobility, a possible explanation for 
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the difference may lie in the formation of additional intramolecular 
cross links during reaction with glutaraldehyde. It was thought 
that unfolding of the protein before glutaraldehyde treatment might 
reduce this tendency. Consequently, ribonuclease and haemoglobin 
were treated with SDS and iodoacetamide, as described in Methods , 
before reaction with glutaraldehyde. Although not quantitated, 
formation of intermolecular bonds appeared, from the staining patterns, 
/1; 
to have been substantially reduced (Fig. 2 s;t.~. This finding 
suggested that the SDS was either holding the polypeptides apart, or 
interfering with the access of glutaraldehyde to susceptible sites. 
The latter possibility seems less likely, since, when ribonuclease 
was reduced and reacted with iodoacetamide before subjection to 
glutaraldehyde in the presence of SDS, the dimer vIas readily formed 
(Fig. 2v). In order to avoid any possible interference from SDS, 
ribonuclease and lysozyme were reduced, reacted with iodoacetamide, 
t 
and then reacHed with glutaraldehyde in 8 M-urea . The patterns of 
oligomers were similar to those obtained when glutaraldehyde was 
reached with the undenatured protein, although when plotted against 
molecular weight, small but significant decreases in mobility were 
observed (Fig. 3, c, d). 
A plot of mobility of unreduced relative to reduced poly-
peptide versus cystine content might reveal whether any relationship 
exists between change in mobility and cystine content. Fig . 4 shows 
that this is the case, and that, although the plots obtained for the 
l' 4/000 
.. 
• 
rn 
Q,/ 
::l 
"0 
o.-f 
rn 
Q,I 
~ 
Q,I 
c 
o.-f 
-+J 
rn 
>. 
CJ 
..... 
o 
~ 
Q.I 
' ,.Q 
8 
~ 
Z 
o 
o 
40 
0 
• 
• • 
• • 20~ A • 
O. 
• 
• • II 
II • • II 
II A 
o I I I I 
O~ -- -- --
Mobility of ~quival~nt r~duc~rl polyp~ptidp 
Mobility of unrpduc~d polyp~ptide 
Fig. 4. Plot of cystine content of protein oligomers versus 
the ratios of the mobilities of the .areduced to theU~educed 
protein oligomer. Open circles - BSA; filled circles a 
ribonuclease; open triangles - ~-lactoglobulin; filled 
triangles - lysozyme. 
,.; 
• 
~ 'I 
I 
,: 1 
" I' 
I 
1 
I 
I 
I " ~ 
II 
III! 
I~I 
1'1 
;j 
11 
iii 
I 
j 
- 14 - 72 
four proteins differed, for the higher molecular weight oligomers 
the slopes of the curves were almost parallel o 
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DISCUSSION 
The factors affecting mobility of proteins in 
polyacrylamide gels are not well understoodo Hydrodynamic 
resistance is probably a major factor in determining mobility In 
fine pore gels (Ogston, 1966). This was demonstrated by Dunker 
and Rueckert (1969), who found that the mobility of lysozyme in 
8 M- urea was greatly reduced by reduction of its cystine residues. 
However, these workers also demonstrated that the mobility of 
lysozyme was greatly affected by the introduction of additional 
positive or negative charges into the molecule. Mobility thus 
depended upon the balance of positive contribution from the charge 
of the migrating molecule and the negative contribution from the 
frictional resistance to its passage through the gel . The 
relative contribution of these two parameters is difficult to 
ascertain where the migrating species is a polypeptide-SDS complex; 
the larger the polypeptide, the more dodecyl sulphate it will bind, 
and hence both the size of the SDS complex and its negative charge 
will be increased. Where the increase in mobility arising from 
increased negative charge offsets the decrease in mobility due to m 
increase in size of the SDS- polypeptide complex, we might expect 
that variations in the affinity of different proteins for dodecyl 
sulphate would have little effect on the mobility of SDS-polypepti~ 
complexes in polyacrylamide gels. This explanation, tendered by 
Duncker and Rueckert (1969~ probably accounts for the barely 
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significant changes in mobility in SD~-polyacrylamide gels 
accompanying chemical alteration of the charge of polypeptides 
(Shapiro and I.J:aizel , 1969; ifeber and Osborn , 1969; Dunker and 
Rueckert, 1969) or the chain unfolding consequent upon reduction 
(Dunker and Rueckert, 1969). 
It was considered necessary to examine a large number 
of different polypeptides containing variable numbers of cystine 
residues in an effort to determine what effect the unfolding of 
cystine-stabilised polypeptides would have on their mobility in 
SDS-polyacrylamide gels . Only a few well characterised proteins 
with many cystine residues are at present available, and for this 
reason model polypeptides were prepared by cross-linking proteins 
with glutaraldehyde. Glutaraldehyde is able to react with protein 
lysine residues (Quicho and J ichards, 1966). As it is a 
bifunctional reagent , it may react with two residues. Where these 
are on different proteins, dimers are formed , and these may react 
further giving trimers, tetramers, etc; this is presumably the 
cause of the higher molecular vleight oligolilers present in the 
glutaraldehyde-treated proteins described in this paper. 
Intramolecular cross -links may also form within proteins during 
reaction with glutaraldehyde (Bowes and Cater, 1965). however , since 
the unreduced glutaraldehyde-lim~ed proteins differ from their 
reduced equivalents only in the possession of cystine re s idues, we 
must conclude that the observed difference in mobilities of each 
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corresponding pair of oligomers must be a consequence of their 
different tertiary structure . Fig. 4 shows that there is an almost 
linear relationship between the number of cystine residues and the 
decrease in mobility , although (with the exception of p- lactoglobulin) 
this decrease was small where few cross-links were present . The 
finding that the unreduced BSA trimer migrated at about half the 
rate of the reduced trimer is particularly significant in view of 
the use of oligomers of this protein as standards for molecular 
weight determination (Dunker and Rueckert , 1969). :£i1ig . 4 also 
demonstrates that, for a given cystine content, the mobilities of 
different proteins are not reduced to the same extent. This is 
not surprising , since the degree of unfolding accompanying hot SDS 
and urea denaturation will depend on the position (as well as the 
number) of disulphide cross-links. 
To what extent additional intramolecular glutaraldehyde 
cross-links were also present in the treated proteins was not 
established. Their presence in such proteins would (by analogy 
\1i th the cystine cross-linked proteins) presumably lead to an 
increased mobility compared with the proteins of the standard curve 
which were completely unfolded . This would explain the greater 
mobi lity (compared with the standard curve) of most of the fully 
reduced glutaraldehyde- reacted polypeptides . In contrast, the 
mobilities of ovalbumin andCX-amylase were little affected by 
reaction with glutaraldehyde , and these proteins presumably had 
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few or no intramolecular glutaraldehyde cross-links . The 
haemoglobin oligomers were seen to migrate in the gel as brown 
bands . Thus , although the haem and globin were separated by the 
denaturation procedure before reaction with glutaraldehyde , after 
the reaction this vias not so , presumably because of intramolecular 
glutaraldehyde cross - links . It was hoped that the formation of 
intramolecular cross- links might be eliminated by reacting 
alkylated ribonuclease and lysozyme with glutaraldehyde in 8 lVl-
urea . The oligomers formed under these conditions did have a 
slightly lower mobility than the other reduced oligomers of these 
proteins , but the failure to approach the luobility of the standard 
proteins indicated either that some intramolecular cross-links were 
still present , or that the branched nature of these proteins was 
affecting their mobility ; alternatively , the basic nature of these 
proteins might have affected their mobility in the SDS polyacrylamide 
gels . 
For a given protein oligomer one might expect variation in 
the number of intramolecular glutaraldehyde cross - links to result in 
many overlapping polypeptide bands, since the presence of 
intramolecular disulphide bridges so markedly affect the migration 
rate . That a smear of polypeptides was not obtained is a little 
surprising, and indicated that each oligomer species contained 
polypeptides of approximately equivalent tertiary structure . Further 
variation in their tertiary structure may have arisen where , for a 
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given oligomer, cross-linking involved many different amino acids 
in the polypeptide chain; this would give branched polypeptides 
with branch lengths dependent on the particular amino acid residues 
involved . These factors probably explain 'iJ'hy , in addition to 
migrating more rapidly, the polypeptide species of the glutaraldehyde-
reacted proteins generally migrated as broader bands than their 
unreacted counterparts . 
S 
The resul~ of Dunker and Rueckert (1969) for BSA, ovalbumin, 
chymotrypsinogen A and ribonuclease indicate that the folded molecule 
migrates a little more rapidly than the unfolded polypeptide, while 
the migration of lysozyme was unaffected by unfolding . The results 
reported here indicate that the mobility of ribonuclease monomer is 
unaffected by the presence of cystine bridges, whereas the mobility 
of lysozYlfie monomer is increased by chain unfoldinb (as is also 
that of the ribonuclease dimer) . It is not clear from tre '"lork of 
Dunker and Rueckert what polyacrylamide gel concentration was used 
in their experiment or how repeatable their observations were. In 
any case , the results are not strictly comparable since glutaraldehyde-
treated proteins have been used in tris vlor1.. . However , what is clear, 
from both their work and that reported here , is that certain low 
molecular w"eight proteins behave in an anomalous fashion in 5/0 
SDS- polyacrylamide gels . 
The anomalous behaviour of ribonuclease and lysozyme 
. 20/0 •• 
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(Shapiro et al., 1967) and other low molecular weight proteins 
(1unker and Rueckert , 1969) has been ascribed (~unker and Rueckert, 
1969) to rapid, reversible dimerisation in solution . The reaction 
of reduced and carboxymethylated ribonucl~ase with glutaraldehyde 
in the presence of SDS supports this proposal, as the increased 
formation of dimer suggests that two polypeptides are held in close 
contact by the detergent during the reaction with glutaraldehyde. 
Pitt - Rivers and Impiombato (1968) have estimated that the apparent 
micellar molecular weight of 0DS complexes with protein to be in 
the range of 34,000 - 40 ,000 daltons , and estimated that the amount 
of SDS bound to reduced protein in 66 mM-sodium phosphate buffer 
(pH 7 . 2) to be about 1.4 mg per mg protein; this 1vas reduced to 
about 0.4 mg SDS per mg protein on the addition of 0.154 M sodium 
chloride. Tdhile the amount of SD8 bound per mg protein in 0 .1 1'1 
sodium phosphate burfer, pH 7.2, is not known , it is probably much 
less than 1.4 mg ~DS per mg protein (and may , in fact , be estimated 
to be 0.2 mg SDS per mg protein , within the gel matrix of the 
polyacrylamide gel ; Shapiro and Maizel , 1969). We might expect 
SDS-saturated ribonuclease to be below the minimum micellar molecular 
weight , the latter being reached by incorporating two polypeptide 
molecules into the micelles. Such a complex cannot be stable, since 
the apparent molecular weight of the reduced ribonuclease is not 
doubled but merely increased to about 20 , 000 daltons (~l ig.1.) . 
Shapiro and lVlaizel (1969) have shown that protein-bound SDS is 
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freely exchanged with buffer SDS during electrophoresis, and so it 
seems likely that an equilibrium 
aSDS + IL"R.i bonuclease ~SDS a- b: Ri bonuclease n + bSDS 
exists where excess S~S is present ; the position of equilibrium, 
and the value of Q under the conditions of the experiment would 
79 
dictate the degree of retardation observed . The expected relative 
mobility value for ribonuclease from Fig . 1 is 0 . 92 and the observed 
value 0 . 78 . One may estimate that during electro -Jhoresis, on averag; , 
the SD3- ribonuclease complex exists as an aggregate of two polypeptides 
1576 of the time (where n i s assumed to be t1iO) . HOI'lever, the value 
of n may well be greater than two , and indeed the behaviour of 
glutaraldehyde- linked ribonuclease suggests that for this protein at 
least , the polypeptide approaches the behaviour of the standard 
proteins only when ~ is equal to five . Lysozyme also showed a 
similar trend , which is less obvious for the reduced protein than foc 
the unreduced protei n . Since the plot of mobility against log-
molecular weight for the higher oligomers of these two proteins 
anproximates to linearity , their anomalous behaviour cam10t be 
ascribed to the amino acid composition per se, but to a combination 
of size and composition which affects the manner in which they 
interact with SD0 . Pitt- Rivers and Impiombato (1968) suggested that 
micelles of SDS bind as beads along the polypeptide backoone of 
proteins of molecular weight exceeding 20 , 000 daltons . They found 
that when SDS was bound it was present as micelles , even if the 
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polypeptides (such as those of polylysyl- glutamic acid or 
glycoproteins) bound less SDS than more ' normal ' proteins, and 
they suggest that , in these atypical proteins , the number of specific 
detergent- binding sites is r educed . On this model one might expect 
that the highly cross-linked proteins contain a number of binding 
sites different from their unfolded counterparts . However , we do 
not know whether SvS is bound as micelles by the polypeptides as 
they pass through the f i ne pores of polyacrylamide gels . Indeed the 
low level of SDS bound by the migrating polypeptide (as demonstrated 
by Shapiro and haizel , 1969) may indicate that some other form of 
interaction occurs during gel electrophoresls . 
The demonstration in this paper that a decrease in mobility 
in 8DS- polyacrylamide gels a ccompanies unfolding of the polypeptide, 
and that certain polypeptides migrate in an anomalous fashion in these 
gels , emphasises that molecular weights estimated by the SDS -
polyacrylamide gel method of Shapiro et al e (1967) may on occasions 
be misleading . This applies especially to proteins or glyco-proteins 
which resist the denaturation procedures employed by these workers ; 
the haemagglutinin of influenza virus is an example of such a protein 
- + lI .F. Griffith , in preparation) . E'urtherrnore, the use of unreduced 
BSA or t-blobulin, and their cystine cross- linked oligomers , in the 
preparation of standard curves for molecular weight determination 
(Dunker and hueckert , 1969) may give too high an estimate for the 
molecular weight of the unknown polypeptide under investigation . 
+Paper 5 
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Influenza virus contains three known proteins - the 
haemagglutinin (HA), the neuraminidase and the ribonucleoprotein 
(RNP). The 'host-antigen' component is thought to be carbohydrate 
covalently bonded to the viral protein (Griffith, 1969). The 
polypeptides of denatured, purified virions have been analysed in 
SDS-polyacrylamide gels by a number of workers (Duesberg and Robin-
son, 1967; Griffith, 1968, 1969; Skehel and Burke, 1969; Joss ~ alo, 
1969; Taylor et alo, 1969; Pons and Hirst, 1969; Pons et al., 1969; 
Dimmock and Watson, 1969; vlhite et al., 1970). The number of major 
polypeptides varies from three (Duesberg and Robinson, 1967; 
Griffith, 1968, 1969; Taylor et al., 1969) to several (Dimmock and 
Watson, 1969). Some workers claim the largest polypeptide is derived 
from the haemagglutinin (Griffith, 1968; Taylor et al., 1969; White 
et al., 1970), while others suggest it is the RNP (Pons et alo, 
1969; Joss &.i g., 1969). 
The systems used for polyacrylamide gel analysis, the virus 
strains investigated and the host cell in which they have been grown, 
and the denaturation procedures used to reduce the virion to poly-
peptides have been different in different laboratories. This paper 
describes an investigation into what way different denaturation 
procedures affect the polypeptide pattern in analytical polyacryla-
mide gels, how this pattern is affected by acrylamide concentration, 
and whether different virus strains grown in eggs show differences 
in polypeptide composition. 
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MATERIALS AND M~THODS. 
Chemicals. 
EDTA, Na2HP04 , NaRP04 , NaHC03, Na2C03, hydrogen peroxide 
and formic acid (all A.R.) and guanidine hydrochloride were 
obtained from British Drug Houses; formic 'acid was redistilled. 
Urea was obtained from Mallinkrodt; SDS from Matheson, Coleman and 
Bell; NP 40 from Shell (Australia) Ltd. Dithiothreitol (DTT) and 
iodoacetamide were from Calbiochem; f-mercaptoethanol, acrylamide, 
'bis'acrylamide and 'TE~lliDI were obtained from Eastman Kodak. 
Tris base was from Sigma. Buffers used were sodium phosphate, pH 7.2, 
pH 8.0; NaH2P04-Na2C03, pH 9.0; NaHC03-Na2C03, pH 10.0, pH 10.70 
Virus. 
The strains of influenza virus used were from stocks held 
at the Commonwealth Serum Laboratories, Melbourne. They were: SW 
(strain 15 of Shope, 1931); the BEL strain of AO influenza; the 
Asian strains A2/RI/5-, A2/SA/64, A2/NT/68; the AoIA2 recombinant 
X7F1 of Kilbourne (Kilbourne et al., 1967); and the B/Vic/65 strain 
of influenza B. 
Propagation and p'ur~fication of virus. 
Virus was grown from seed (about 104 ID50) introduced 
into the allantoic cavity of 10 - 11 day old fertile chicken eggs. 
After incubation at 330 for about 40 hours, eggs were chilled and 
the allantoic fluid harvested. The BEL strain was concentrated by 
precipitation with 40% (w/v) ammonium sulphate, and purified by 
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fractional precipitation with methanol (25 - 35% v/v methanol 
fraction) . Other strains were purified and concentrated by two 
cycles of adsorption-elution on washed human erythocytes. All 
strains were further purified by differential,rate-zonal and buoyant 
-density centrifugation as described elsew~ere (Griffith, in prepa-
ratio~. 
Preparation of haemagglutinin of BEL. 
The procedure of Laver (1964) was used except that SDS-
treated BEL was sonicated before electrophoresis (1 min., maximum 
output, Mullard ultrasonic drill) to assist disruption of the virus. 
Denaturation of virus. 
11 Performicacid oxidation. 
Virus samples (about 10 mg) were freeze-dried and oxid-
ised with excess performic acid for 2 or 3 hours at 00 as described 
by Hirs (1956). At the end of this time, excess performic acid was 
destroyed by adding 0.3 ml p-mercaptoethanol. 
2) High pH J high temperature denaturation. 
Virus samples (about 5 mg in 0.25 ml physiological saline) 
were mixed in screw cap vials with 0.1 rnl SDS (10%, w/v, aqueous 
solution), 0.25 ml 1 M buffer of appropriate pH or 0.25 ml 2 M-tris 
base, 0.1 ml EDTA (5%, w/v) , 0.1 ml 0.5 M-dithiothreitol (DTT ) or 
0.025 ml of a warm (370 ) solution of 1 M-iodoacetamide in lM-NaHC03• 
Vials were placed in a beaker of water which was brought to the 
boil and held at 1000 for 5 minutes. Samples were placed at 370 for 
+ Chapter 3 
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2 hours. Solid urea was added to give a saturated solution, and 
o samples were held at 37 for a further 2 hours .. Samples reduced 
with DTT were carboxymethylated by the addition of 00125 ml of 
the 1 M-iodoacetamide solution. After 15 minutes, 0.05 ml of 
'~-mercaptoethanol was added to react with any excess iodoacetamide. 
3) NP_40 - .K.uanidin&,. hydrochloride.- urea - DTT .denaturation. 
Freeze-dried samples were dissolved in 003 ml NP 40 
(10% v/v in water), 0.20 ml 1 M-NaHC03, 0.2 ml 005 M-DlrT, 001 ml 
5% (w/v) EDTA. Solid guanidine hydrochloride was added until the 
solution was saturated; solid urea was then added until the solution 
was saturated with urea; further cycles of addition of solid guadi-
nine hydrochloride followed by solid urea were then made until the 
solution was saturated with both salts. Samples were left for 5 
hours at room temperature, and then transferred to dialysis tubing, 
together with a distilled water rinse (0.3 ml) of the glass vials. 
Samples were dialysed for 16 hours against 8 M-urea in 0.01 M-
NaHC03, 0.1% NP 40 and 0.2.% p-mercaptoethanol to remove the guanid-
ine hydrochloride, followed by dialysis against a fresh urea-NaHC03 
solution containing 0.1% SDS (w/v) in place of NP 40, and O.O~ 
(v/v) ¥-mercaptoethanol. Samples were reacted with 0.2 ml iodoace-
tamide ( 1 M in 1 M-NaHC03) to block exposed SH groups .. 
Acrylamide gel electrophoresis. 
5% gels: The procedure of Dunker and Rueckert (1969) was used. 
1 01~ gels: The procedure of vveber and Osborn (1969) was used. 
Samples were dialysed overnight against 0.1% SDS, 0.01 M-phosphate 
A4 
buffer , 6% (w/v) sucrose, and before application to the gels, 
mixed with a few pg glucagon which had been pre-stained with Re-
~ 
mazol Brilliant Blue R (Griffith, in preparation) 
~taining of gels . 
For protein: Gels were stained with 0.5% Coomassie blue in acetic 
acid:methanol : water (2 : 4 : 5, by volume) and destained with acetic 
acid : methanol:water (1 : 9:10 , by volume). 
For carbohydrate: Gels were freed of SDS by fixation in acetic acid: 
methanol:water (1:9:10, by volume; 24 hours with two changes) and 
stained for carbohydrate using the procedure of Zacharius et ale 
( 1969) • 
Molecular weight d.eterminations. 
Virus samples were co-electrophoresed with prestained 
glucagon. Mobilities relative to the glucagon marker were calcula-
ted and molecular weights d.etermined from a standard curve drawn 
from 9 proteins of known molecular weight (Griffith, in preparati<:ili). 
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RESULTS. 
Agalysis in 5% polyacrylamide gels. 
The polypeptide patterns obtained in 5% polyacrylamide 
gels with a number of influenza virus strains denatured in different 
ways are shown in Fig. 1 . It is evident that the denaturation proce-
dure used markedly affected the pattern obtained. Thus p when SW and 
BEL virus were denatured at elevated pH and temperature (0 . 25 M-
tris base, 1000 for 5 minutes) without simultaneous reduction of 
cystine residues, a number of high molecular weight polypeptides 
were present (bands a-e , Fig . 1e, g). If the denaturation was accom-
panied by simultaneous reduction these high molecular weight poly-
peptides were absent . In addition, the amount of the largest major 
polypeptide (1A) was substantially reduced, while the polypeptide 
1B was increased in amount. At the same time, an additional polypep-
tide 1D appeared moving close behind band 3. This was present in the 
gels of SW, BEL, X7F1 and A264, but not in that of the NT68 strain, 
nor in samples of virus oxidised with performic acid (RI/5-, BEL) 
(see Fig.1). The gels were stained for glycoprotein and only bands 
2, 1c and 3 appeared free of carbohydrate, the low molecular weight 
polypeptides were only poorly stained. Material staining with the 
periodic acid-Schiff stain was also present in, or in front of, the 
glucagon band; this was probably non-dialysable complex lipid~ 
On paper electrophoresis of SDS-disrupted BEL, two protein 
bands with haemagglutinating activity are present (Laver, 1964). 
That closest to the origin, was found after denaturation with reduc-
-
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Fig. 1. Analysis in 5% polyacrylamide gels of various 
strains of influenza virus (a - i) or haemagglutinin 
fractions (j,k). The strains used were (~) A2/SA/64, (b) A2/N T/68 , (.£) X7F 1 ' (.!!) RII 5- , (£..&.!.) S1V, (g - 1) BEL, (j,k) B~L haemagglutinin fractions. 
Material was denatured with SDS at 1000 in 0 0 5 M-tris 
j k 
in the presence of dithiothreitol without (a - d,f, h "- k) 
or with prior performic acid oxidation (d,i)o G = glucagon. 
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tion to contain four polypeptides (Fig. 1i), while that migrating 
towards the cathode contained only two (Figo 1k). In the latter gel, 
both bands stained for glycoprotein and corresponded in mobility to 
bands 1B and 1D found in the analytical polyacrylamide gels of whole 
virus (Fig. 19, h). These results sugges~ that the largest major 
polypeptide was part of the viral HA, but that it contained two 
fragments of unequal size linked by cystine bridges. 
Analxsis in 1 crh polyacrylamide gels..:. 
The pattern of polypeptides of a number of virus samples 
run in 10}b polyacrylamide gels is shown in F'ig 0 2. vlhen these gels 
were stained for glycoprotein, only those polypeptides indicated by 
arrows appeared to lack carbohydrate. It is clear that in 1 Ol~ poly-
acrylamide gels the least mobile major polypeptide in denatured, 
but unreduced, virus is a glycoprotein, and probably corresponds 
to the 1A polypeptide in the corresponding 5~;S gels 0 After reduction, 
major 
the most slowly moving/polypeptide was free of carbohydrate and 
corresponded in relative mobility to band 2 of the 5% gels. It seems, 
therefore, that the 1B glycopeptide migrates much more rapidly rela-
tive to band 2 in 10% gels than in 5% gels. Polypeptide 3 stained 
for glycoprotein only at its trailing edge, suggesting that polypep-
tide 1D was migrating with polypeptide 3. If virus, denatured with 
reduction, is prestained with Remazol Brilliant Blue R, this glyco-
peptide may occasionally be seen migrating just behind band 3, since 
the bound stain appears to reduce the mobility of the glycopeptide 
T (Griffith, in preparation). The polypeptide patterns obtained with 
+ }Japer 2 
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Fig. 2. Analysis in 10% polyacrylamide gels of various 
strains of influenza virus (a - e, h - j) or haemagglutinin 
fractions (f,g)9 The strains used were (~)A2/NT/68, 
(b)X7F l , (£ - j) BEL, (f - K) BEL haemggg lutlnin fractions. Material was denatured with SDS at 100 in OQ5 M-tris in 
the presence of iodoacetamide (j), or in the presence of 
dithiothreitol without (a - i) or with prior performic acid 
oxidation (h)o G = glucagon. Arrow = carbohydrate--free 
polypeptide. 
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a number of strains of influenza virus in 1 Of~ polyacrylamide gels 
are rather similar; the BEL strain, however, differs from the others 
in that its 1 B polypeptide migrates more slowly in 1010 than does 
that of other strains. 
The molecular weights of the ~oly~~~tides. 
The mobility of the SDS-protein complexes, both in 5~~ 
and 10% polyacrylamide gels, is proportional to the 1og10 of their 
Dolecular weights (Shapiro et al., 1967; Weber and Osborn, 1969; 
Dunker and Rueckert,1969). However, the mobilities of the two major 
glycopeptides of influenza virus denatured with reduction are 
obviously very different in the two types of gel. Thus, although the 
estimates of the molecular weights of the viral proteins (bands 2, 
1 c, 3) derived from 5?band 10f0 gels are in fairly good agreement 
(Table 1), the estimates for the viral glycoproteins are noto These 
findings suggest that this method of molecular weight estimation 
cannot be applied to glycoproteins. 
Performic acid-oxidised. virus appeared to lack the high 
molecular weight polypeptides, or where they were present, their 
amount (judged by intensity of staining) was reduced. At the same 
time, a number of minor polypeptides with a spectrum of molecular 
weights ranging from 12,000 to 40,000 were formed. It was possible 
that these represented oligomers of a simple low molecular weight 
polypeptide. This possibility was investigated using alternative and 
additional denaturing conditions. X7F1 virus was used for this work, 
as its HA is readily denatured by SDS (Kilbourne et al., 1967)0 
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Effect of high tem~erature and pH. 
Performic acid-oxidised X7F1 was subjected to 100
0 in 
the presence of SDS and D1'T ~t 1A(}0 at five different pH values 
(Fig. 3). At pH 7.2, pH 8.0 and pH 9.0 no difference in polypeptide 
pattern was seen .. Compared ~ii th performic acid-oxidised BEL, 
however, it had much less of bands 1B and 1C, and much more of 
bands 1E and 1 J!'. At pH 10.0 and pH 10.7 band 1 B was reduced, but 
band 2 was also missing. At the same time, more material migrating 
close behind the glucagon marker was present: it is likely that this 
represented low molecular weight polypeptides resulting from clea-
vage of peptide bonds of the high molecular weight polypeptides 
absent in these samples. It was concluded that denaturation at 1000 
at pH 10 and above was likely to be accompanied by cleavage of 
peptide bonds. These conditions were thus considered to be unsuitable .. 
Effect of NP 40 - guanidine hydrochloride - urea. 
Performic acid-oxidised X7F1 was reduced at room tempe-
rature for five hours with DTT in the presence of NP 40 and EDTA , 
in 0.25 M-NaHC03 saturated with guanidine hydrochloride and urea. 
The sample was then dialysed against 8 M-urea in 0.01 M-NaHC03 , 
0 .. 1% NP 40 and O.~/o ~-mercaptoethanol for 16 hours. Dialysis was 
continued against fresh solution containing 0.1% SDS in place of the 
NP 40. After 24 hours, the sample was reacted with iodoacetamideo 
A sample of this material was retained for gel analysis. The remain-
der was dialysed overnight against 0.01 I~-sodium phosphate buffer 
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Fig. 3. Performic acid-oxidised X7FI virus was heated for 
5 min at 1000 in the presence of SDS and dithiothreitol at 
(a) pH 7.2, (b) pH 8.0, (c) pll 9 0 0, (d) pH 10.0, 
(e) pH 10.7. Arrow = glucagon. 
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(pH 7.2) containing 0.01% (v/v) p-mercaptoethanol and 0.1 ~b (lV/V) SDS. 
A sample was retained for analysis; the remainder was heated for 
5 minutes at 1000 at pHs 7.0, 8.0 and 9.0 in the presence of DTT. 
Analytical polyacrylamide gels of virus treated in this way were 
all essentially the same (Fig. 4). Althou.gh the 1B band was much 
reduced, or absent, the other polypeptide bands were still present 
and were not reduced to smaller subunits. The low molecular weight 
bands were not well represented; presumably much of these polypep-
tides 'were lost during the prolonged dialysis. It was concluded 
that the polypeptides migrating between bands 2 and 3 could not be 
further reduced in size by any means known not to involve cleavage 
of covalent bonds. 
Since performic acid destroys tryptophan, it is sometimes 
inconvenient to work with this denaturing agent. It was decided to 
test whether the NP 40 - guanidine hydrochloride - urea denaturing 
procedure denatured unoxidised virus. Three strains of virus 
(BVic65, X7F1 and BEL) were denatured by the procedure both with 
and without prior oxidation with performic acid. The results are 
shown in Fig. 5. It is evident that none of the denatured, unoxi-
dised samples had the same polypeptide pattern after denaturation 
as that virus which was first oxidised with performic acido All the 
perf ormic acid-oxidised samples had a greater content of the low 
molecular weight polypeptides, indicating that denaturation had 
been more complete with these samples. Even so, it was evident that 
with the BEL strain that some of the 1B band had resisted further 
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Fig. 4. Performic acid-oxidised X7Fl virus was treated with 
NP 40, EDTA, urea and guanidine hydrochloride in 0 025 M-NaHC03 for 5 hours at room temperature, followed by dialysis first 
against urea, NP 40 and mercaptoethanol in 0 001 M-NaHCO , 
then against urea, mercaptoethanol and 001~ SDS in 0.013M-
NaHCO,. The sample was then carboxymethy1ated with iodo-
acetaruide. (~) sample without further treatment, (b - e) 
sample dialysed against 0.1% SDS in 06°1 M-phosphate buffer, (b) not heated, (c - e) heated at 100 at pH 702 (c), ' 
8:0 (d), 9.0 (e). Arrows = glucagon. 
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Fig. 5. Denaturation of three strains of influenza VIrus. 
(a,b) X7F1 , (c,d) B/Vic/65, (e,f) BELa Virus was reduced 
at room temperature in NP 40-guanidine Hel-urea without 
(a,c,e) and with (b,d,f) prior performic acid oxidation. 
For details see text o Arrow = glucagon. 
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breakdown. This strain appears to have polypeptide complexes 
which are highly resistant to performic acid oxidation, to saturated 
solutions of guanidine hydrochloride and urea, and to detergents. 
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DISCUSSION. 
The results presented in this paper show that influenza 
virus contains a number of major and minor polypeptide and glyco-
polypeptide components. To establish conditions under which virus 
was reproducibly reduced to its ultimate molecular components 
without cleavage of covalent bonds (other than disulphide bridges), 
it was considered more economical in both time and materials to use 
egg-grown virus rather than virus labelled in tissue culture with 
amino acids, and to locate the components by staining procedures. 
Furthermore, virus grown in tissue culture generally has a lower 
particle: 1D50 ratio than that grown in embryonated eggs, and in 
any case, labelling fails to distinguish between virus-coded virion 
proteins and host-coded material induced by (or synthesised after) 
infection, and subsequently incorporated into the virion. It must 
be stressed that the results reported in this paper refer to virion 
components; these may not all necessarily be virus-coded. Some of 
the minor virion components may be passively incorporated, preformed 
host-cell protein, but the fact that most of these minor components 
were increased in amount by the various denaturation procedures, 
while the amount of major components were simultaneously decreased, 
suggests that the former were derived from the latter. 
The possibility that some of these minor components resul-
ted from nonspecific cleavage of polypeptides (except at 1000 at pH 
10 or higher) was not excluded but is considered unlikely. Treatment 
of a number of standard proteins with tris base at 1000 does not 
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lead to obvious cleavage of the polypeptide (Griffith, in prepara-
tion"). However, glycoproteins are known to be degraded at elevated 
temperatures and alkaline pH. Cleavage of t he polypeptide chain by 
p-elimination (Neuberger and Marshall, 1966) is probably prevented 
by the presence of sulphydry compounds during denaturation, since 
these would react with the~p unsaturated derivatives resulting from 
~-elimination of serine- or threonine-linked carbohydrate residues. 
However, the loss of large pieces of carbohydrate from the virion 
glycoprotein, by B-elimination, or scission of alkali labile 1 ..,). 3 
glycosidic linkages is not excluded in the present work, especially 
with the high temperature-tris denaturation procedure; however, it is 
unlikely to have occurred during denaturation with 0025 lVI-NaHC03 at 
room temperature. The minor polypeptide components formed during the 
latter denaturation procedure are thus considered to be derived from 
the higher molecular weight major components by cleavage of disulphide 
bridges. 
Proteins migrate at a rate proportional to their molecular 
weights in SDS-polyacrylamide gels (Shapiro et al., 1967); a variety 
of acrylamide concentrations may be used. The molecular \-leight of a 
protein may be calculated from its mobility in SDS-polyacrylamide gels 
by comparison with standard proteins of known molecular weight electro-
phoresed in gels of the same acrylamide concentration (Dunker and Ruec-
kert, 1969). It is clear from the results presented in Table 1 that 
the influenza A strains contain two polypeptides (bands 2 and 3)which 
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give molecular weights of about 45,000 (band 2) and 22,500(band 3) in 
both 5% & 1q~ polyacrylamide gels. The periodic acid-Schiff stain did not 
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reveal the presence of any carbohydrate in these polypeptides. 
In contrast, the other polypeptides of influenza virus did contain 
carbohydrate. None of these migrated at the same rate (relative to 
standard proteins) in both 5% and 1q0 gels. The listed molecular 
weights are therefore the apparent rather than the real molecular 
weights. The intensity of the Schiff stain was greatest in those 
bands (other than band 2) migrating with apparent molecular weights 
greater than 30,000 in 5% gels. The difference between the mobili-
ties of the 1B bands in 5% and 1afo gels is especially obvious, 
giving apparent molecular weights of about 55,000 in 5% gels and 
44,000 (BEL) or 37,000 (others) in 1~b gels. The differences in 
their mobilities in the 5;b and 1070 gels of the other major polypep-
tides is less marked, but still significant. The reason for this 
anomalous behaviour is almost certainly due to the presence of car-
bohydrate in these polypeptides. 
It is probable that the viral haemagglutinin is composed 
of an aggregate of three of the 1A polypeptides (Griffith, 1969; 
Griffith and Wrigley, in preparatiori~. Each of these seems to con-
sist of two portions relatively easily separated into the 1B and 1D 
polypeptides by denaturation with SDS at 1000 and pH 9.0 under 
reducing conditions. Failure to separate these two portions by 
denaturation without reduction suggests that they are linked by 
cystine bridges. It is unlikely that a change in mobility resulting 
from unfolding of polypeptide 1A following reduction of cystine 
bridges was responsible for band 1B, since reduction of cystine 
+ Paper 1 
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bridges in proteins with molecular weights of this order is 
accompanied by a reduction in mobility in SDS-polyacrylamide gels 
(Griffith, in preparation). The 1D polypeptide is quite resistant 
to further denaturation by reduction, but its absence in samples of 
virus oxidised with performic acid suggests that it too is composed 
of subunits linked by cystine residues resistant to reduction, but 
susceptible to oxidation. Likewise, the 1B polypeptide appears to 
be at least partially susceptible to further degradation, relatively 
easily accomplished with the haemagglutinin of X7F1 and RI/5-, but 
less readily with that of BEL; indeed, that of BEL appears to be at 
least partially resistant to oxidation followed by reduction in the 
saturated guanidine hydrochloride - urea solution. 
The markedly anomalous behaviour in the two gel systems of 
the 1B glycopolypeptide suggests that it contains a higher percen-
tage by weight of carbohydrate than the other major glycopolypep-
tides. The minor polypeptides between band 2 and 1D (5% gels) stain 
well for carbohydrate and poorly for protein. It is likely that these 
are derived at least in part from the 1B glycopeptide. The fate of 
the 1D polypeptide on oxidation is not clear, but it may consist of 
smaller polypeptides linked by oxidation-susceptible cystine resi-
dues. The marked difference in mobility in 1Q1b gels between the 1B 
bands of BEL and other strains was the only significantly different 
behaviour between analagous polypeptides of the different strains. 
The reason for this is not clear, but the high resistance of the HA 
of this strain to SDS denaturatj.on (Laver, 1964) suggests that 
. + I. Paper '1 
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structurally it is somewhat different from that of other strains. 
Insufficient data were available to determine whether the small 
differences in the molecular weights of equivalent polypeptides 
of the different strains were significant. It does appear, however, 
that the B/Vic/65 strain does have somewhat larger polypeptides 2 
and 1D than the A strains. 
The extreme resistance of a portion of the 1A band in all 
strains suggests that another virion polypeptide may be migrating 
together with the unfragmented HA polypeptide. This polypeptide has 
an apparent molecular weight of about 55,000 (10% gels) or 62,000 
(5% gels). Isolated neuraminidase has been shown to have a molecular 
weight of this order (Rafelson et al., 1966; Uebster, 1970; 
E.A. Haslam, personal communication). From its dimensions in elec-
tron micrographs, the 'head' of the neuraminidase molecule has been 
calculated to have a molecular weight of 64,000, possibly composed 
of four subunits of molecular weight 16,000 (Griffith and Wrigley, 
in preparati~ih. It seems possible that this portion of the 1A poly-
peptide resistant to denaturation is in fact derived from the neura-
minidase • . Whether it (like the HA) also eventually breaks down i nto 
subunits has yet to be firmly established. 
The smaller of the two polypeptides lacking carbohydrate 
(band 3) has not yet been identified with any of the known viral 
antigens; it has been suggested that it is a core protein involved 
in • packaging' the RNP coil within the virion (Griffith and Wrigley, 
in preparatiort). The identity of the larger polypeptide (band 2) 
lacking carbohydrate has been established; it is derived from the 
+ 
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influenza virion RNP (Taylor ~1 al., 1969; White et al., 1970; 
Pons et al., 1969; Joss et al., 1969); the more rapid migration of 
the 1B polypeptide in 1~~ gels established why different workers 
identify the RNP with the major polypeptide of second lowest mobi-
lity in 5% gels (White et al., 1970)., and with the major polypeptide 
of lowest mobility in 8% (Pons et al., 1969) or 1~fo gels (Joss et 
-- -
al., 1969). The results reported here also indicate that the 
assumption of identity of the various peaks obtained in polyacry-
lamide gels of different concentrations (Dimmock and Watson, 1969) 
may be in error. The results reported here also suggest that several 
very high molecular weight polypeptides (Dimmock and ~'latson, 1969) 
in influenza virus preparations may be a result of incomplete 
denaturation. Dimmock and 1rlatson (1969) also used a discontinuous 
buffer system, and the smaller polypeptides present in their prepa-
rations may have • stacked' at the buffer front. In any case, it is 
possible that their molecular weight values are inaccurate, as it has 
not been shown that a linear relationship exists between the mobi-
lity in polyacrylamide gels of SDS-charged polypeptides and the 
lO~O of their molecular weights using discontinuous buffer systems. 
Minor components reported by other workers to be present 
in the virus are probably a result of partial breakdown of the HA, 
and possibly the neuraminidase. The results reported here indicate 
that the minor components vary in amount and mobility depending upon 
the denaturation procedure used. Furthermore, the amounts present 
in different virus preparations vary (Pons and Hirst, 1969). The 
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presence of these minor components in highly purified BEL and SW 
virus preparations which have been denatured without reduction, 
suggests that they may normally be present in virions. The results 
reported here and elsewhere (Laver and Valentine, 1969; Griffith 
and Wrigley, in preparation) indicate that the viral neuraminidase 
and HA are highly complex structures. How the infected cell 
correctly assembles these structures is not known, but 'mistakes' 
may be made and improperly assembled subunits less resistant to 
denaturation may be normally present in virion.s. 'l~is takes I in 
disulphide bridging of the subun.its might explain the presence of 
small amounts of the polypeptides (all glycopeptides) with mole-
• 
cular weights greater than 70,000. Gross errors may lead to the 
formation of 'incomplete' virus; it is of interest in this respect 
that non-haemagglutinating, non-infectious, low density, membranous 
material present in the allantoic fluid of BEL-infected eggs appears 
to contain all the virion polypeptides (Griffith, unpublished obser-
vations). The use by many workers of virus preparations of low 
infectivity grown in tissue cultures (to permit labelling of the 
viral polypeptides) may be one explanation for the presence of these 
minor components in their virus preparations. 
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PAPER. 6. 
A simple procedure for the recovery of protein from 
preparative gel slabs. 
99 
The vertical slab apparatus described in chanter 5 l~as 
been modified for use with 5% acryla~i~e [els and 0.1 ~-phosDtatc 
bu:fer (pH / . 2) containinz 0.1 0J,) and Tris- thioZlycollate 
\ pH 7. 0 , 0 .0 1 I ) . s this buffer 'laS a pqor buffering capacity, 
it has to be recirculated with a pump . ':'he electr·des are insertee 
i1tO dialjsis tul)ine; buffer ic the electrode compart~ent8 so 
formed , is constantlj recirculated from one electrode to the other 
with a peristalic pumn . 
~ - .I.. 
rotein bands in the aCl"vlamide 9:el slabs ruav be siTIlr)l~J 
u ~ v L 
and ra)idly located u.sing the fluorescent staill, ma~'nesium l-ar~ili_10-
8- naphthalene sulfonate (lartl1ian and UdenfriBnd, 1969). 
11he nrotein recovery ~etj10C1 i;.: eSf'entially tr'at d.E'~;cribec:. 
in cLaDter but yit1. f'OHln [."..ociii'icaJ"ioLs. Gel :f'ra~";ler"'-';"I_: 3..[-e 
mounted in 41) pol,Yacrylar.1ide gel, buffered vTith 0.01 ,~ 'Jh08-jhate 
OJuffeI' ph 7 . 0. The 10~'ler reservoir ()uffsr (tris-!l.y"ciLe) i:J replaced 
by 0.1 L. sOll.iu:1 phosphate \P" ll.O) cor.taininc 0.1;0 '::;1" ane. tris-
thio~lJcol~at8 lO.C1 M, p.t: 7 . 0; - . 'rhe '...lDpe~ resel-'voir COl:t aill ')/ 
a!ILOniw'l carbonate, and tri~~j--~hioglycollate (pIl 7 . 0, 0 . 01 I-i). The 
vl1...01e recovery assemoly is pIac8d in a pol) thene bae; anc1 imrr.ersed 
in ice- water durinG electrophoresis of protein out of ge~ fragments. 
Recovered protein i. dialysed for a few hours again3t a 
large volume of water to re20ve most of the salts. The volume of 
fluid in the d;alysis bag is reduced b~ .gervaporation to atont 5 mI. 
·1 
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and the protein precipitated from this by adQing 100 ml acetic 
acid . • methanol . . acetone (1 : 12 24 by volume) . 
100 
Precipi tated protein is dissolved in the minimum q')_anti ty 
of formic acid pyridine (19 : 1 b~ volume) and applied to a 
colu~n of Sephadex 11 ?O (2~ x 1.5 cm ) equilibrated with tta same 
solvect . Fractions containi the protein are identifi~d bJ 
_ v 
placing a drop of each on filte~ paper and stainine for rrotein 
wi th Pro cion blue (t 'lis of course is un~tecessary lr.Ji th L.8:1azol stained 
protein) . ractions containing nrotein arp ~ooled and the ~~ctein 
recovered by precipitation with 1tTater r.-~Gthanol aC8to.le (1 6 
\ 
12 by volume) . rrl'i3 dc-saltine .tl-'·oced_l;·'e is I..ore .ra'iel c..nri effect~ ve 
than that described in cl-w.)ter J. Lev~ thar O. OC1/,c 0:' added 
radioactive amino acids are car~ied throu~t :his proceaurc. 
~ -
The recovery of ~ema701 stained st&ndard ,rot8irs is 
virtually quantitative . '.;.he prOCedlLl'e and r,'coveries 1 ave ~Tet to 
be checked with unstained Jrotcin. j or tJ is viI's.l protein l[~~)elled 
witb radioactive iodino will be used. 
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DISCUSSION. 
I The question as to whether there are one or two ( or 
maybe even more than two) internal antigens in the influenza virion 
has yet to be clearly established. However, there are a number of 
reasons to suppose that at least two exist, although the evidence 
for the existence of a second internal antigen is at present rather 
I 
circumstantial. If we are to accept that a vcore ' antigen exists, 
the following observations may be explained: 
1) The presence of a second internal component distinct from the 
RNP as is seen in electron micrographs of influenza virus (Paper 1; 
B~chi et al., 1969; Compans and Dimmock, 1969; Apostolov, et al., 
~ 1970) • 
2) The migration of two polypeptides from the nucleus to the 
cytoplasm of infected cells and subsequently into the virion 
(Taylor et al., 1969; Joss et al., 1969; White at al., 1970). 
3) The presence of a I1 sol uble antigen" with peptide maps quite 
different from those of the protein assumed to be the RNP. 
4) The difficulty encountered in purifying the "soluble antigen" 
~ 
using an assay of assumed specificity. 
Before a protein may be isolated from a complex mixture in a pure 
form, it is essential that an. assay procedure is available which 
is specific for the protein being isolated. To assume an assay is 
specific is inadvisable. Unfortunately, it is impossible to prove 
an immunological assay is specific unless pure protein is available 
'i 
to test it. The vicious circle which such a situation engenders is 
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admirably demonstrated in Chapters 1 and 2 of this work. The use 
in this work of the term 'RNP ' as being synonomous with 'soluble 
antigeni is probably incorrect. Indeed, if the whole of Chapters 
1 and 2 are read with the term 'a soluble antigen' in place of 
'RNP', the results may be more meaningful. If two soluble antigens 
exist, it is unlikely that preparation of crude extracts by pre-
cipitation at pH 4.6 included one but not the other antigen, 
although one may be preferentially concentrated by this procedure; 
indeed, the immunodiffusion tests in Chapter 1 indicated that one 
soluble antigen (or antibody to it) was present in greater amounts 
than the other in the reagents used. It is likely that antibodies 
to both the IDTI? and postulated core antigen exist in the immune 
sera prepared as described in Chapter 1. If this is so, it is not 
surprising that difficulty was encountered in recovering the 
soluble antigen in high yields from infected tissues (Chapter 2) 
or virus (Chapter 4). Moreover, the isolation from disrupted virus 
of two bands of protein (bands 4 and 3, Fig. 4.7) reacting in the 
complement fixation tests may now be explained; one is presumably 
the RNP and the other the core antigen. The specificity, or lack 
thereof, of the sera prepared still awaits purification of the 
soluble antigens. It was considered unwise to continue work withy 
or on , these sera, or on the preparation of "soluble antigen" from 
infected tissues, until it was shown whether the assumption that 
a single internal antigen existed was correct. The obvious way to 
tackle the problem would be to disrupt purified virus and separate 
I 
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the components by polyacrylamide gel electrophoresis and to 
establish their number and identity_ 
The work described in Chapters 1 and 2 should thus be 
reconsidered with these problems and possibilities in mind. Any 
future procedure for the preparation of. pure 'core' antigen, and 
for the preparation of specific immune serum to this antigen, may 
well follow the pattern described in Chapters 1 and 2; this work 
may be considered now as sighting experiments for this project. 
A more satisfactory initial assay procedure for the purification 
of the core antigen is undoubtedly the use of analytical polyacry-
lamide gels, since we may now estimate the content of core antigen 
in fractions by comparison with analytical gels of whole virus. 
This procedure would naturally be simplified by the rapid pre-
staining technique described in Paper 2 of this addendum. Once 
purified, the core antigen could be used to prepare specific anti-
sera by immunisation of rabbits; the production and testing of 
such sera would be essentially as described in Chapter 1. 
The 10vl RNA content of the soluble antigen purified in 
Chapter 2 ~uggests that it was the proposed core antigen which was 
in fact purified. Although this protein was probably impure (hence 
the presence of RNA), the large number of neutral and basic peptides 
present indicates some similarity between this protein and the OR" 
polypeptide isolated and mapped in Chapter 5 (Fig. 5.4). A compari-
son of the peptide maps of BEL fraction 3 prepared at different 
times by Laver (Laver, 1964; Laver and Webster, 1966) reveals that 
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many of the additional peptides in the later map (Laver and 
Webster, 1966) are neutral peptides. It is probable that this 
worker mapped one antigen on the first occasion and two (or more) 
on the secondo Of the two polypeptides which accumulate in the 
nucleus of infected cells (Taylor et sl., 1969), the one with the 
higher molecular weight corresponds to the RNP (White et sl., 
1970); the one with the lower molecular weight, corresponds to 
the uR" polypeptide; the latter had many neutral and basic peptides 
(Fig. 5.4). It seems likely that the earlier peptide map of Laver 
was of the RNP, and the later one was in fact of a mixture of the 
RNP and the antigen containing the neutral peptides, namely the 
core antigen. The small differences observed in the peptide maps 
of Fraction 3 (or 1) of different virus strains which are claimed 
to be differences in the ru~P's of the strains (Laver, 19 Laver 
and Kilbourne, 1966; Webster et al., 1968) may therefore in fact 
be due to varying amounts of different viral antigens in the tlRNPIt 
preparations. This point was made in Chapter 4 when discussing 
the variable resistance of influenza virus to disruption with de-
tergents (Fig. 4.8, 4.9, 4.12), the presence of more than one 
polypeptide in Fraction 3 proteins (Fig. 4.11, 4.12), and when 
comparing peptide maps of the Fraction 3 proteins of four strains 
(Fig. 4.10). This work is considered of value as it explains the 
inconsistencies in the maps of Laver, and emphasises the difficulty 
of interpreting peptide maps performed on mixtures of proteins. 
The virus purification procedure previously described in 
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Chapter 3 (pages 70 - 79) is considered to be valid, as it has 
been used to prepare the virus described in Paper 1, and (except 
for the use of two cycles of adsorption-elution with human 
erythrocytes) for the preparation of the virus strains (other than 
BEL) examined in Paper 5. The whole of Chapter 3 illustrates that 
red-cell adsorption-elution may introduce more problems than it 
solveso This applies especially to certain strains (e.g. BEL). 
The glycerol-sucrose-tartrate gradient described in Paper 3 sepa-
rates virus from red-cell debris in much the same way as the 
sucrose-tartrate gradients described in Chapter 3. Even after pro-
longed centrifugation, the band of red-cell debris in these gra-
dients also contains much haemagglutinin. However, virus prepared 
by adsorption-elution of allantoic fluid with aluminium phosphate 
has very little of this low density haemagglutinin (paper 3) . 
Since treatment of the red-cell debris band with Tween 80 releases 
only a portion of the virus in this band, it is likely that the 
low density haemagglutinin was in fact virus firmly adsorbed. to or 
even fused with, red-cell debris. It is now considered that the 
host cell antigens and density heterogenity of the virus examined 
in Chapter 3 (pages 79 - 86, Figs . 3.7 - 3.17) resulted from aggre-
gation of virus with red-cell debris, and thus this work is consi-
dered to be of no importance. 
It is evident from the work of others that the most slowly 
migrating major polypeptide in 10% gels and the second most slowly 
migrating major polypeptide in 5% gels is that derived from the RNP 
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(Joss et al., 1969; \1hite et al., 1970). Thus, the assumption in 
Chapters 4 and 5 that the polypeptide R was derived from the RNP 
is wrong. As discussed above, it is probably derived from the 
Ge~~ 
proposedLantigene The major polypeptide of lowest mobility in 
Fig. 4.12 and 4.13, which was proposed as part of the haemagglu-
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tinin, has since been stained with the periodic acid-Schiff reagent 
and is considered to be definitely part of the viral haEmagglutinin. 
Likewise, the other major polypeptide present in the haemagglutinin 
fractions (Fig. 4.12, samples 1a, 1b, 0) is also a glycoprotein. 
This component of the haemagglutinin runs very close to the core 
polypeptide both in 5% and 10% gels, and it is likely that this poly-
peptide was running together with the ttR polypeptide" (Figo 4.13), 
and was not resolved by the &~ acrylamide gels containing urea used 
in earlier work. The virus used for this work had not been reacted 
with performic acid, but denatured with SDS under reducing condi-
tions at pH 8.9 and 1000 , thus corresponding to virus denatured 
under similar conditions in Paper 5. It may now be stated that the 
Q~ 
two major polypeptides present in the haemaggluti~ng fractions 
(Fig. 4.12) are both glycoproteins derived from the viral haemagglu-
tinin. The earlier assumption that the smaller of these polypeptides 
was part of the RNP is wrong. It was not seen in analytical poly-
acrylamide gels of virus oxidised with performic acid, and this com-
pounded the misunderstanding. 
The identity of the polypeptide N is still unresolved. 
Webster (1970) and Haslam (personal communication) have indicated 
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that the polypeptide derived from the neuraminidase has a molecular 
weight close to 60,000. Neither of these workers used performic 
acid to oxidised virus; performic acid was used on the virus and 
protein fractions analysed in the gels shown in Figs. 4.16 and 5.6. 
As the polypeptides which migrate more slowly than the RNP polypep-
tide are reduced to subunits by the performic-oxidation plus 
saturated guanidine hydrochloride etc. denaturation procedure, it 
is possible that these workers were in fact looking at intact 
neuraminidase heads. The molecular weight of the neuraminidase 
subunit estimated from the dimensions of the ·protein (Paper 1) 
corresponds closely to that for the polypeptide N (Fig. 5.7). 
However, the certain identity of this polypeptide awaits analysis 
of X7F1 fractions after total denaturation and analysis in 5% 
Maizel gels. If we accept that the head of the neuraminidase con-
sists of four subunits linked by cystine bridges which are extre-
mely resistant to reduction, bllt susceptible to performic acid 
oxidation followed by reduction, then the identification of the 
neuraminidase with this highly mobile polypeptide is probable. 
In contrast to virus denatured with reduction, performic 
acid-oxidised virus does not contain the haemagglutinin component 
migrating just behind the proposed "core'l polypeptide. Since the 
polypeptides isolated from the preparative gels (Chapter 5) were 
oxidised with performic acid, it is likely that the core polypeptide 
(previously referred to as the "Rn polypeptide) was not contaminated 
with substantial amounts of haemagglutinin protein. Thus, the peptide 
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map of this polypeptide is still valid. That of the H polypeptide 
was probably a mixture of the RNP polypeptide and the portion of 
the haemagglutinin re~.stant to oxidation, and may be considered 
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to be no longer valid. For the same reason, the amino acid analyses 
of the H polypeptides are also invalid.-Whether the highly mobile 
polypeptide (N) was derived from the neuraminidase alone, or was 
a mixture of a number of polypeptides "stackedtt at the buffer dis-
continuity, has not been ascertained. The small amount of stained 
material evident in these bands (Figo 503) suggests that the latter 
possibility is unlikely. However, viral lipid migrated just ahead 
of this band, and the presence of ninhydrin-staining material (e.g. 
serine, ethanolamine, choline, sphingosine) in this lipid might 
complicate amino acid analyses. For the same reason, the analyses 
performed on whole virus (which was not defatted) are unlikely to 
be accurate; the analyses were in fact performed to allow an esti-
mation of glucosamine content of whole virus. All amino acid ana-
lyses were performed on a Beckman analyser using the expanded scale 
which gives an accuracy of, at best, 10%; this was because most of 
the hydrolysed samples were lost in an accident involving a techni-
cian. The amino acid analyses must therefore be regarded as approxi-
mations of the amino acid content of the polypeptides Rand Nj that 
of the H polypeptide is invalid as mentioned above. The molecular 
'ttleight estimations in Chapter 5 can now be replaced wi th those gi ven 
in Paper 5. The techniques of isolation of the viral polypeptides 
are essentially as in Chapter 5, with the modifications outlined in 
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Paper 6. 
The results, and the interpretation of the results, of 
the original submission which may be regarded as valid, probably 
valid, possibly valid, or invalid, are indicated in the accompa-
nying Table. 
i 
I 
i 
j 
, 
j 
I 
I 
I 
I 
I 
I 
I 
, 
110 
UEFEHENCES. 
Almeida, J.D. and Waterson, A.F. (1969) Microbios, lA, 9. 
ApoBtolov, K., Flewett. T.H. and Kendal, A.P. (1970) in 
'The Biology of Larg~ RNA Viruses'. Barry, R.D. 
and Mahy, B.W.J. (eds.). Academic Press Inc., 
Lond.; in the press. 
Bachi, T., Gerhard, W., Lindenmann, J. and Muchlethaler, K. 
(1969) J. Virol., 4, 769. 
Bancroft, J.B., Hiebert, E., Rees, M.W, and Markham, R. 
(1968) Virology, li, 224. 
Behrens, O.K. and Bromer, W.W. (1968) A. Rev. Biochem., 
.. ll.- 57. 
Bligh, E.G. and Dyer, W.J. (1959) Can. J. Biochem. Physiol. 
12, 911. 
Blough, H.A. (1964a) in the CIBA Foundation Symposium on 
the 'Cellular Biology of Myxovirus Infections'. 
Wolstenholme, G.E.M. and Knight, J. (eds.). 
J. Rnd A. Churchill Ltd., Lond., p.120. 
Blough, H.A. (1964b) in the CIBA Foundation Symposium on 
the 'Cellular Biology of Myxovirus Infections'. 
Wolstenholme, G.E.M. and Knight, J. (ede.). 
J. and A. Churchill Ltd., Lond., p.145. 
Bohnert, E. and Weingarten, R. (1967) in 'Ten Years~ of 
Remazol Dyestuffs'. Farbwerke Hoechst AG, 
Frankfurt (Main) 80, Germany. p. 10. 
Bol, J.F. and Veldstra, H. (1969) Virology, iI, 74. 
Bowes, J.R. and Carter, C.W. (1965) J. apple Chern., 
!i, 296. 
Burnet, F.1[. (1935) Med. J. Aust., ~, 687. 
Burnet, F.M. and Lush, D. (1940) Aust. J. exp. BioI. med. 
Sci., 18, 141. 
Canfield, R. and Liu, A.K. (1965) 
1997. 
J. bioI. Chem., 240, 
........... 
Castellino, F.J: and Barker, R. (1968) 
1, 2207. 
,~ 
• 
Biochemistry, N.Y. 
I 
J 
I 
I 
j 
I 
I 
I 
It 
Cecil, R. (1963) 
(ed.). 
in 'The Proteins'. Volume I. Neurath, H. 
Academic Press Inc. Lond. p.388. 
Compans, R.W • . Bnd Dimmock, N.J. (1969) Virology,~, q99. 
Connellan, J.M. (1968) 'The Structure and Activity of 
0( -Amylase'. Ph.D. Thesis, Australian National 
University, Canberra, A.C.T. 
111 
Dahlberg, J.E. and Simon, E.H. (1969) Virology,~, 666. 
Dimmock, N.J. and Watson, D.B. (1969) J. gen. Virol., 2, 499. 
Drzeniek, R., Frank, H. and Rott, R. (1968) Virology,~, 303. 
Duesberg, P.B. (1969). J. molec. BioI. 42, q85. 
Dunker, A.K. and ~ueckert, R.R. (1969) J. bioi. Chem., 
244, 5074. 
Edelman, G.M., Cunningham. B.A., Gall, W.E., Gottlieb. P.D., 
Rutishauser, V. and Waxdal, M.l. (1969) Proc. 
natn. Acad. Sci. U.S., &1, 79. 
Francki, R.I.B. (1968) Virology, li, 694. 
Frisch-Niggemeyer, w. (1961) Zbl. Bakt. I. Abt. Orig., 
~, 294. 
Griffith, I.P. (1968) Proc. Aust. Biochem. Soc. 1968, 37. 
Griffith, I.P. (1969) Proc. Aust. Biochem. Soc. 1969, 50. 
Hartman. B.K. and Udenfriend, S. (1969) Analyt. Biochem. 
2Q, 391. 
Horne, R.W. and Wildy, P. (1961) Virology,..!.2, 348. 
Horsfall, F.L. (1955) J. exp. Med., 102, 441. 
Hoyle, L. (1968) 'The Influenza Virus'. Virology Monograph8 
~. Gard, S., Hallauer, C. and Meyer, K.F. (eds.). 
Springer-Verlag. New York Inc. 
Hoyle, L., Horne, R.W. and Waterson, A.P. (1962) Virology, 
lZL 533. 
.. 
," 
• 
, 
II 
'I 
I' 
'. I
I 
I 
II~' 
~,;: 
f: 
1., 
L~ 
" 
Isaacs, A. (1957) Adv. Virus ,Res., i, 112. 
Joss, A., Gandhi, S.~., Hay, A.J. and Burke, D.C. (1969) 
J. Virol. i, 816. 
Kakiuchi, K., Hamaguchi, K. and Isemura, T. (1965) 
J. Biochem. (Tokyo), 21, 167. 
Kierszenbaum, F., Levison, S.A. and Dandliker, W.B. (1969) 
Analyt. Biochem., 28, 563. 
........ 
Kingsbury, D.W. and Webster, R.G. (1969) J. Virol. i,219. 
Laver, W.G. (1969) in 'Fundamental Techniques in Virology' 
Habel, C. and Salzman, N.P. (eds.). Academic 
Press Inc. New York, yolume I, p.82 
Laver, W.G. and Valentine, R.C. (1969) Virology,~, 105. 
Lovas, B. and Takatsy, G. (1965). Arch. ges. Virusforsch., 
11, 67. 
MacKenzie, R.A. (1967) Adv. Prot. Chem., 22, 155. 
Maizel, J.V., Jr., (1969) in 'Fundamental Techniques in 
Virology.' Habel, C. and Salzman, N.P. (e ds.). 
Academic Press Inc. New York, Volume 1, p.;;4. 
Matthew.,R.E.F. and Ralph, R.K. (1966) Adv. Virus Kes. 
12, 273. 
Morgan, C. and Rose, H.M. (1968) J. Virol., g, 925. 
Neuberger, A. and Marshall, R.D. (1966) in 'Glycoproteins: 
Their Composition, Structure and Function'. 
Gottschalk, A. (ed.). Elsevier Publishing Co. 
Amsterdam. p. 235. 
Ogston, A.G. (1966) Br. med. Bull., gg, 105. 
Panchartek, J., Allan, Z.J. and Poskocil, J. (1962) 
Collection Czechoslov. Chem. Commun., gz, 268. 
Peterson, J.I. (1968) Analyt. Biochem., £i, 257. 
Pitt-Rivers, R. and Impiombato, F.S.A. (1968) Biochem. J. 
!Q2, 825. 
... ~ 
.. 
112 
f:J1 
III 
" 
Pons, M.W. and Hirst, G.K. (1968) Virology, li, 386. 
Pons, M.W. and Hirst, G.K. (1969) Virology,~, 68. 
Pons, M.W., Schulze; I.T. and Hirst, G.K. (1969) Virology, 
.12, 250. 
Quicho, F.A. and Richards', F.M. (1966) Biochemistry, 
N. Y., 2" 4062. 
Rutishauser, U., Cunninham, B.A., Bennett, C., Konigsberg, 
W.H. and Edelman, G.M. (1968) Proc. natn. 
Acad. Sci. U.S., 61, 1414. 
Ruttkay-Nedecky, G, Hoglund, S. and Hjertin, S. (1968) 
Acta virol., Prague, 12, 277. 
Shapiro, A.L., and Maizel, J.V., Jr., (1969) Analyt, 
Biochem., ~, 505. 
Skehel, J.J. and Burke, D.C. (1969) J. Virol., 1, 429. 
Smith, w. (1935) Brit. J. exp. Path., 16, 508. 
Smyth, D.G., Stein, W.H. and Moore, S. (1963) J. bioI. 
Chem., 238, 227. 
Summers, D.F., Maizel, J.V., Jr. and Darnell, J.F. (1965) 
Proc. natn. Acad. Sci. U.S., ji, 505. 
Tanford, c. (1961) 'Physcial Chemistry of Macromolecules'. 
John Wiley and Sons Inc. New York. p. 321. 
Taylor, J.M., Hampson, A.W. and White, D.O. (1969) 
Virology, 22, 419. 
Watson, D.H., Russell, W.C. and Wildy, P. (1963) Virology, 
12, 250. 
Weber, K. and Osborn, M. (1969) J. bioI. Chem., 244, 4406. 
Webster, R.G. (1965) Immunology, 2, 501. 
113 
Webster, R.G. (1969) in 'The Biology of Lar~er RNA Viruses'. 
Barry, R.D. and Mahy, B.W.J. (eds.). Academic 
Press Inc. London; in the press. 
,~ 
'W' • 
. I 
Ii 
I 
.,,11' 
I 
I 
I 
I 
1.li 
,II! 
I'i 
' I 
'1 
I 
'I 
I., 
It 
Webster, R.G. and Darlington, H.W. (1969) J. Virol., 
,!, 182. 
Webster, R.G., Laver, W.G. and Kilbourne, E.D. (1968) 
J. gen. Virol., 1,315. 
White, D.O., Tarlor, J.M., Haslam, E.A. and Hampson, A.W. 
(1970) in 'The Biology of Large RNA Viruses'. 
Barry, R.D. and Mahy, B.W.J. (eds.). Academic 
Press Inc. London; in the pres8. 
Wu, Y.V. and Scheraga, B.A. (1962) Biochemistry, N.Y., 
1, 698. 
Zachariu8, R.M., Zell( T.E., Morri8on, J.R. and Woodlock, 
J.J. (1969) Analyt, Biochem., lQ,148. 
.~ 
• 
114 
